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Preface 



Cryosols, as the World Reference Base for Soil Resources defines them, or Geli- 
sols, as in Soil Taxonomy^ are soils of the permafrost regions of the world. These 
regions are at high latitudes and also at high elevations. They cover approximately 
25% of the world’s surface and, in countries such as Canada, include up to 40% of 
the soils. Permafrost creates such unique conditions that the permafrost-affected 
soils have different physical, biological, and chemical properties than other soils. 

In the last couple of decades, development in regions of permafrost has in- 
creased and so has interest in these regions’ soils. Also, these areas are projected 
to undergo the greatest impact from global warming, which may have a major ef- 
fect on soil-forming processes and on how the soils are used and managed. Thus 
there is an even greater need to better understand the distribution, soil-forming 
processes, ecological processes, classification, use, and management of perma- 
frost-affected soils. 

In the late 1980s, the International Permafrost Association and the International 
Union of Soil Sciences formed the Cryosol Working Group, which began efforts 
to improve the classification of soils with permafrost. Out of this effort came the 
Gelisols classification of Soil Taxonomy and the Cryosols classification of the 
World Reference Base for Soil Resources. Another major accomplishment in- 
cluded a Northern Circumpolar Soils Map and database. Under the leadership of 
Dr. Charles Tamocai, the group decided to produce this book, Cryosols - Perma- 
frost-Affected Soils. 

The Working Group is made of people who have worked in the Arctic and Ant- 
arctic for many years. They are leaders in the study of permafrost-affected soils 
and long have recognized the ecological importance of the cold regions. They de- 
veloped the outline for this book, identified leading experts in different regions to 
address specific topics, and met formally and informally in Russia, Denmark, the 
United States, Germany, Finland, Austria, France, and Thailand to review and re- 
vise the book’s contents. 

The idea behind the book was to compile as much knowledge as possible about 
permafrost-affected soils. Numerous papers on permafrost-affected soils and spe- 
cific permafrost topics have appeared in many journals, proceedings, and confer- 
ence publications, and much of that has been in Russian, as the largest extent of 
such soils is in Russia, but no single book has been dedicated to the soils of cold 
regions. Therefore much of the information in this book is being presented to a 
wide audience for the first time. We hope this book will serve as a resource for 
anyone interested in the soils affected by permafrost, no matter where those soils 
occur. 

The book is divided into six sections. The first section is a history of research 
of polar soils, which began in the early 1900s. The second section covers the geo- 
graphic distribution of Cryosols in all regions where the soils occur. The third 
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section deals with the soils’ properties and processes. The fourth section covers 
ecological processes of Cryosols. The fifth section deals with their classification. 
And the last section covers the management and use of such soils. 

This book is the culmination of a great deal of effort by the Cryosol Working 
Group. The inspiring leadership of Dr. Charles Tamocai kept the project moving 
along. Charles was the visionary who made the book become a reality. We are all 
deeply indebted to him for his ideas and leadership. 

Charles and the late Dr. Kaye R. Everett were the first to introduce me to per- 
mafrost-affected soils. I know many members of the working group were influ- 
enced by Kaye’s work in the Arctic and Antarctic, and we feel there are many 
parts of him in this book. 

The lead authors for each of the sections are to be complemented for their ef- 
forts in making sure all of the chapters in their sections were completed and re- 
viewed and revised as needed. I especially thank Gabriele Broil, for her help in all 
aspects of the book including working with the publisher, and Sergey Goryachkin, 
for his help with the many Russian papers. Sergey was also co-chair of the Work- 
ing Group for many years. We also thank Maria M. Cadwallader, Ph.D. (formerly 
Maria M. Lemon) of The Editor Inc. for editing all of the papers for English usage 
and for completing the layout and preparing the camera-readies. 

Thanks also are due to Springer for publishing this large amount of scientific 
information which will make it generally available to the scientific community. 

John M. Kimble 

for the members of the 

Cryosol Working Group 
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Section 1. The History of Research of Polar Soil 




The History of Research of Polar Soil: 
Introduction 



S.V. Goryachkin’ 

’Head, Laboratory of Soil Geography and Evolution, Institute of Geography, Rus- 
sian Academy of Sciences, Staromonetny, 29, Moscow, 109017 Russia; e-mail 
pedologv@igras.geonet.ru . 



Although geologists, botanists, and travelers provided earlier information on polar 
soils, soil research in high latitudes of the northern and southern hemispheres 
really began in the early 20th century, and the different regions of permafrost- 
affected soils each have their own histories of explorations. In eastern Siberia, 
Russia, soils with permafrost are used widely for agriculture, and they have been 
studied since 1906; but in most of the ice-free Antarctic, the existence of soils in a 
strict sense is still disputable and the Antarctic is not a common place for soil 
studies. 

The three chapters in this section each deal with the explorations of a different 
region of permafrost-affected soils. Chapter 1 summarizes the history of soil re- 
search, including soil mapping, in Arctic Alaska, Greenland, and Antarctica, and 
its Table 1.1.1 shows how many of the original terms used for polar soils have 
changed over the years. Chapter 2 discusses the history of polar soil research in 
Eurasia, which has been extensive; its bibliography includes many works in Rus- 
sian and German. Chapter 3 deals with the history of polar soil research in Canada 
and its impact on the development of soil science. 

The authors of these chapters have studied soils in high latitudes since the 
1950s and 1960s, and they witnessed field research blossom in the polar regions 
through the 1970s. 




Chapter 1. Soil Research in Arctic Alaska, 
Greenland, and Antarctica 



J.C.F. Tedrow* 

'Distinguished Professor, Dept, of Ecology, Evolution, and Natural Resources, 
Cook College, Rutgers University, 14 College Farm Road, New Brunswick, New 
Jersey 08901-8551, USA. 



1 . Arctic Alaska 

During the formative years of northern pedologic studies in Alaska, the term Arc- 
tic generally was reserved for the Brooks Range and land to the north. Some in- 
vestigators, however, extended the definition to include some of the treeless sec- 
tors of western and central Alaska. Delineations generally were based on a 
combination of vegetation and temperature, plus the presence of permafrost. Per- 
mafrost is present in various patterns in virtually all of Alaska, except some land 
bordering the Gulf of Alaska (Brown et al., 1997). One rightfully could include as 
Arctic nearly all of Alaska, but, in this chapter, discussions are almost exclusively 
of the Brooks Range, Arctic Foothills, and Arctic Coastal Plain. 

Kellogg and Nygard (1951) conducted the first soil investigations in northern 
Alaska. They delineated three soil zones: 1. Tundra soils of the Arctic Coastal 
Plain; 2. Tundra soils of the Arctic Plateau (Foothills); 3. Lithosol and Tundra 
soils of the northern mountains (Brooks Range). Continuing pedologic investiga- 
tions found a spectrum of soils present within the areas designated as Tundra 
(Tedrow et al., 1958). 



1 .1 . Spectrum of soils 

On the elevated positions, Arctic brown, a well drained soil, is present in some lo- 
cations (Tedrow and Hill, 1955; Drew and Tedrow, 1957; Hill and Tedrow, 1961). 
Tundra, a poorly drained mineral soil, is widespread (Douglas and Tedrow, 1960). 
Brown (1965, 1967) outlined the complex morphology of Tundra soil. Bog soils 
are also common throughout the Foothills and the Coastal Plain (Tedrow and 
Brown, 1968). 

Tedrow and Brown (Figure 1.1.1) published a small-scale map of the major soil 
regions of northern Alaska. Reiger, Schoephorster, and Furbush (1979) published 
an informative map showing major soil regions in all of Alaska. In addition to the 
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more common soils just named, small, isolated pockets of Rendzina soil occur in 
the Southern Foothills and in the Brooks Range (Ugolini and Tedrow, 1963; 
Holowaychuk et al., 1966). In the Porcupine Lake area of the Brooks Range, 
Shungite (black, organic-rich shales) soils occur (Ugolini, Tedrow and Grant, 
1963). On the granite-rich till of the Jago and Okpilak Rivers area. Podzol-like 
soils occur (Brown and Tedrow, 1964; Brown, 1966). The bentonite deposits near 
Umiat contain Grumusol (MacNamara and Tedrow, 1966). In the Brooks Range, 
an altitudinal zonation of Arctic brown soil occurs, with the higher elevations hav- 
ing more shallow sola (Tedrow and Brown, 1962). 

Aeolian-derived sands are widespread within the Arctic Coastal Plain, with 
wind erosion now occurring (Rickert and Tedrow, 1967; Everett, 1979, 1980). 
Patterned ground is ubiquitous throughout the Arctic Slope (Drew, 1957; Tedrow 
and Cantlon, 1958; Tedrow, 1962; Drew and Tedrow, 1962; Brown 1966; Brown 
et al., 1980; Everett and Brown, 1982; Ahrens et al., 1994; and many others). 

The western sectors of Alaska, from Kotzebue Sound south to Kuskokwim Bay 
and beyond to the Aleutian Chain, have many volcanic ash deposits. Soils formed 
on these deposits are dark. Most of them have been described by the term Arctic 
(Rieger, 1964; Simonson and Rieger, 1967; Everett, 1971a; Ping et al., 1989). 

With permafrost present in virtually all of Alaska, the soils could be placed 
within the order of Gelisols (Bockheim et al., 1994). This chapter does not address 
soils of those vast areas in central, southern, and eastern Alaska, but Rieger, 
Schoephorster, and Furbush’s maps (1979) provide generalized information on the 
distribution of soils throughout Alaska. 



1.2. Frost action 

One of the most important factors associated with Arctic soil formation is frost ac- 
tion, which causes high-order displacement within the soil matrix, resulting in 
complex morphologies. Reiger (1983), Ahrens et al. (1994), Bockheim et al. 
(1994), and Bockheim and Tamocai (1998) have reported on this in considerable 
detail. 



1.3. Mapping 

There has been very little detailed soil mapping in northern Alaska. MacNamara 
(1964), however, prepared a soils map of the Howard Pass area, showing the dis- 
tribution of genetic soils. 

The U.S. Department of Agriculture now uses a new method for classifying 
soils. The original volume (Soil Survey Staff, 1975) said very little about soils of 
the polar regions, but developments of more recent years, such as the work by 
Reiger (1983), Ahrens et al. (1994), Bockheim et al. (1994), and others, have 
made the system more complete, and it is being used in the United States and be- 
yond. Table 1.1.1 shows how many of the original terms have been revised and 
redefined. 
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Figure 1.1.1. Soil distribution pattern of Northern Alaska. Cl, Tundra soils of the Coastal 
Plain; C2, Tundra soils of the Coastal Plain with many sand dunes; C3, Tundra soils of the 
Coastal Plain with extensive Bog-like soils; FI, Tundra soils of the Foothills; F2, Tundra 
soils of the Foothills with many stony conditions; F3, Tundra soils of the Foothills with 
steep topography; F4, Tundra soils on fine sands; Foothills-Coastal Plain transition; F5, 
Tundra soils of the Foothills with dark-colored sola; Rl, shallow soils of the mountains; R2 
Tundra soils of the Noatak Basin, (from Tedrow and Brown, 1967). 



1.4. Special studies 

Oil exploration and construction, including road building, has caused considerable 
terrain disturbance in northern Alaska and beyond. A number of investigators thus 
have studied terrain recovery (Gersper and Challinot, 1975; Everett et al., 1985; 
Walker et al., 1987; Everett, 1994). 

The International Biological Program has given considerable attention to the 
problem of soil fertility, soil chemistry, and nutrient cycling in soils (Bilgin and 
Douglas, 1972). 



2. Greenland 

Hartz (1896) and Nordenskjold (1914), who focused their studies in the more 
southerly sectors of Greenland, described the presence of salt crusts on the soils, 
with the dominant salt being sodium sulphate. Meinardus (1930) provided valu- 
able information on the soils of Greenland, particularly as related to mineral 
weathering and frost action. 

Along the southern margin of Greenland, soils are rather poorly developed, but 
some show evidence of podzolization (Hansen, 1969). In the Taseriaq area of 
southwest Greenland, Holowaychuk and Everett (1965, 1972) recognized seven 
genetic soil varieties, including those of a hydric nature. In the Jakobshavn area 
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(west coast ca. 69® N) Fredskild (1961) reported soils similar to those present in 
northern Alaska. 

In the Mesters Vig area (east coast ca. 72® N), Ugolini (1966a) reported Arctic 
brown, Podzol-like, Tundra, Proto-ranker, and Tundra ranker soils. Further, Ugo- 
lini (1966b) recognized considerable cryogenic activity similar to that which 
Meinardus (1930) reported. Jakobsen (1989, 1992) reported on the general soil 
conditions in the mid-latitudes of east Greenland. Among his findings were gley 
soils and peats. Further, Jakobsen (1997) published a small map of Greenland 
showing soil distribution, including the desert-like conditions along the north 
coast. 

Table 1.1. Comparison of the proposed great groups of Gelisols by Bockheim et al, 1994, 
to Tedrow's (1977) zonal system for polar soils (from Bockheim et al., 1994). 


Proposed suborder 


Zonal system (Tedrow, 1977, et seq.) 


and great group 




Histels 




Folistels 


Organic (bog) soils 


Fibristels 


Organic (bog) soils 


Hemistels 


Organic (bog) soils 


Sapristels 


Organic (bog) soils 


Turbels 




Histiturbels 


Meadow Tundra soils 


Hydriturbels 


Meadow Tundra soils 


Ariditurbels 


Ahumisols, Ahumic (subxerous) soils 


Humiturbels 


Upland Tundra soils, Soils of the Hummocky Ground, Grumu- 




sols 


Ochriturbels 


Some Polar Desert soils, Soils of the Soliflucton Slopes 


Aquels 




Histaquels 


Some Meadow Tundra soils 


Andaquels 


(none) 


Humaquels 


Some Upland Tundra soils 


Psammaquels 


Some Regosols 


Ochraquels 


Some Meadow Tundra soils 


Aridels 




Gypsiaridels 


Evaporite soils, Ahumic (ultraxerous, xerous) soils 


Salaridels 


Evaporite soils, Ahumic (ultraxerous, xerous) soils 


Nitriaridels 


Evaporite soils, Ahumic (ultraxerous, xerous) soils 


Calciaridels 


Ahumisols 


Haplaridels 


Ahumisols, Ahumic soils. Protorankers 


Statels 




Spodistatels 


Podzol and Podzol-like soils 


Andistatels 


Andosols 


Humistatels 


Arctic Brown soils, Rendzinas, Shungite soil. Subarctic Brown 




soils 


Argistatels 


Subarctic Grey Wooded soils 


Psammistatigels 


Regosols 


Ochristatels 


Arctic Brown (northern variant) soil, some Polar Desert soils 
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Passarge (1920) designated the highest northern latitudes of Greenland as polar 
desert. Most investigators (Nordenskjold and Mecking, 1928; Korotkevich, 1967; 
Walton, 1972; Charlier, 1978; Aleksandrova, 1988; Tedrow, 1991) used the terms 
High Arctic and polar desert somewhat synonymously. 

Bocher, Holmen and Jakobsen (1959) described physical features of the north 
coast of Greenland. Davies (1961) designated ice-free land north of Thule (ca. 
ITW N) as polar desert. Goryachkin, Karavaeva, and Targulian (1998) outlined 
the problem of soil zonation in the Arctic. They also projected that the north coast 
of Greenland is the only place in the Arctic where cold desert soils may exist. 

Fristrup (1952, 1952-53) described salt encrustations composed of magnesium 
and calcium chlorides and sulphates. Tedrow (1970) described the soils of Ingle- 
field Land (ca. 78-79"^ N), a part of the polar desert. In addition to Polar desert soil, 
other soils such as gley soils and raw, earthy material of the solifluction slopes are 
present. The organic matter in the surface horizon of Polar desert soil yielded an 
age of 3,300 ±110 yr. B. P. (Tedrow, 1970). 



3. Antarctica 

Antarctic soils form under a very dry, low-temperature environment which in- 
cludes permafrost. Factually, conditions can be considered those of a desert or, 
more specifically, a cold desert. Except for special situations such as those of the 
penguin rookeries and occasional algal residues along lake edges and few other 
locations, no effective organic component is in Antarctic soils (Rudolph, 1966; 
Boyd, Staley and Boyd, 1966). 

Opinions differ as to whether the term soil should apply on the continent, in the 
Dokuchaevian sense. Most global soil maps do not provide for conditions in the 
ice-free sectors of Antarctica, and textbooks on soil genesis and soil geography 
seldom mention conditions in Antarctica. In any case, mineral alteration, salt ac- 
cumulation including carbonate formation, and horizon differentiation occur in the 
uppermost layers. 



3.1. Initial studies 

Jensen (1916) made the initial study of Antarctic soils. He described conditions on 
the alkali trachyte on Ross Island, where he found significant quantities of avail- 
able calcium, potassium, and phosphorus in the soils. Next, Markov (1956) con- 
ducted studies in the ice-free land of the Mimyy sector in East Antarctica (Figure 
1 . 1 . 2 ). 

Markov’s work was important because it showed chemical migration within 
rocks and soils. The processes related to temperature amplitudes in a very dry en- 
vironment. Markov generally receives credit for introducing the term cold desert 
for soils of Antarctica. Avisuk, Markov, and Shumskiy (1956) and Taubert (1956) 
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provided further information on the chemical processes occuring in cold desert 
soils. 

Glazovskaia (1958) recognized mineral alteration patterns in the soils of the 
Mimyy sector. She showed that there was physical weathering and an enrichment 
of alteration products, particularly calcium, magnesium, iron, aluminum, and 
manganese, plus the more common forms of soluble salts. 

Blakemore and Swindale (1958), Gibson (1962), and Voronov and Spiro 
(1964), among others, established that there are significant quantities of soluble 
salts and other altered mineral material present in Antarctic soils. Ugolini and 
Anderson (1972) showed that ions migrated within the unfrozen water films of 
otherwise frozen, dry soils of Antarctica. Voronov and Spiro (1964) concluded 
that there were also additions of soluble salts from atmospheric precipitation, par- 
ticularly sea salts, in Antarctic soils. Extensive areas of salt-bearing deposits are 
present. 




Figure 1.1.2. Map of Antarctica. The shaded areas are largely ice-free (courtesy of C.R. 
Bentley). 
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Soil clays in Antarctica consist mainly of illite-like structures, with smaller 
quantities of vermiculite, chlorite, kaolinite and montmorillonite present (Blake- 
more and Swindale, 1958; Claridge, 1965; Campbell and Claridge, 1987). 



3.2. Soil genesis and classification 

Considerable effort has focused on the problem of soil development and classifi- 
cation. McCraw (1960) was the first to develop a soils map of a sector of Antarc- 
tica. His map of Taylor Valley in Victoria Land consisted of separating lithologic- 
landform units, followed by soil descriptions within the delineations. McCraw also 
displayed his soils map at the 7th International Soil Science Congress. 

Syroechovsky (1959) investigated soils of the penguin rookeries of Antarctica 
and showed that the organic matter accumulation from droppings precedes soil 
formation. He also introduced the term ornithogenic to describe soils of the pen- 
guin nesting grounds. 

Tedrow and Ugolini (1966) developed a provisional scheme for classifying 
Antarctic soils. Campbell and Claridge (1969) followed with an improved and 
more complete method for soil classification. Korotkevich (1967) published an in- 
depth report on soil formation and classification possibilities in Antarctica. 

Many details concerning the soils of Antarctica have been recorded during the 
past 30 or so years. Everett and Behling (1968) and Everett (1971b) characterized 
the rate of soil formation on variously aged glacial deposits of South Victoria 
Land. Ugolini (1970), Bockheim (1979, 1980), and Boclieim and Ugolini (1990) 
addressed the overall problem of soil development in Antarctica. Ugolini and Bull 
(1965), Campbell and Claridge (1967, 1968), Claridge (1968b), Everett, (1969) 
and Linkletter (1972), among others, outlined soil distribution, including patterned 
ground formation, in South Victoria Land. In the Molodezenya sector of East Ant- 
arctica, MacNamara (1969a,b) recorded prominent areas of reddish brown soils, 
heretofore unknown to exist on the continent. 

Korotkevich (1967), Claridge and Campbell (1968a), Ugolini (1970, 1986), 
Everett (1976), Bockheim (1980), Tedrow (1991), and others have discussed link- 
age between the soils of Antarctica and those of the High Arctic. 

Campbell and Claridge (1987) completed the most definitive work on Antarctic 
soils. This premier volume draws together virtually all existing information on 
Antarctic weathering and soil formation. 
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1. Introduction 

The Eurasian study and development of concepts of permafrost-affected soils be- 
gan over a century ago, in two centers, Russia and Germany. In Russia, perma- 
frost-affected soils cover about 65% of the total area. Pioneers of Russian soil 
studies were faced with Cryosols. Unfortunately, for a long period, the results of 
these soil studies were published only in Russian and poorly known elsewhere. 
And since there are several thousand Russian publications on permafrost-affected 
soils, for this paper we have analyzed only monographs and some principal papers. 

German scientists at the beginning of the 20th century developed mostly a geo- 
logical approach to soil studies, and the major region for that was Spitsbergen. 
Tedrow (1977) wrote an early history of polar soil investigations, but we included 
pioneer soil studies in our analysis here. However, we did not include the deep ex- 
perimental studies of freezing-thawing processes and their influence on soil mate- 
rial (see the summary by Ostroumov and Makeev, 1985), investigations of perma- 
frost characteristics with no direct relationship to soil, or the permafrost-affected 
phenomena of Eurasian alpine regions, remote from the major areas of Cryosols 
(Caucasus, Alps, Himalayas, etc.). 

Studies of Eurasian permafrost-affected soil can be broken into four periods: 1 . 
First information and general ideas (before 1920); 2. First systematic studies and 
concepts (1920-1949); 3. Extensive field studies and new concepts (1950-1985); 
4. Mapping, classification, and ecology of Cryosols (1986-2000). These periods 
are close to those Sokolov (1991) distinguished for soil study in East Siberia and 
the Far East. 
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2. First Information and General Ideas (before 1920) 

During this period, separate data on the soils of the Eurasian permafrost regions 
came mostly from the studies of naturalists and geologists, for example, the fa- 
mous traveler in Siberia, A. Middendorf (Middendorf, 1864). Later, such informa- 
tion was used for the first concepts in soil science (Dokoutchaew, 1900; Ramann, 
1911). 

V.V. Dokuchaev (1900) wrote that the soils of the Eurasian “Arctic zone or 
tundra” were cemented by permafrost and thawed only for the upper 0.3 to 0.5 m; 
they were strongly acid and bogged and rich in semi-decomposed organic matter, 
non-altered minerals, and Fe^^. E. Ramann (1911) wrote that soils of high latitudes 
of Spitsbergen had arid features similar to those of the Central Asian highlands. In 
this period, large geographical studies also were conducted, including soil studies 
in the southern regions of Siberia and in the Far East, which looked for acceptable 
living conditions for a large number of colonists from Ukraine and the European 
part of Russia and made the first local descriptions of permafrost-affected soils 
(Shchusev, 1906). Even in these early publications, Russian pedologists tried to 
describe the phenomena of permafrost-affected soils, generalize the data obtained, 
and describe the role of permafrost and other soil-forming factors (Kvashnin- 
Samarin, 1911; Sukachev, 1911; Dranitsyn, 1914). 

Almost at the same time, German pedologists obtained the first information on 
soil weathering, the forming of permafrost-induced patterned ground, and pedo- 
genesis in Spitsbergen (Meinardus, 1912; Blanck, 1919) (Figure 1.2.1). Salt crusts 
and other pedogenic features were identified in this region of the High Arctic. The 
first indications of such specific permafrost-induced features as paisas came from 
northern Sweden (Fries and Bergstr6m,1910). 



3. First Systematic Studies and Concepts (1920-1939) 

In this period, soil studies widened in European and Asian parts of the Arctic, and 
systematic investigations of almost all large permafrost-affected regions began. 
And at the same time, some previous studies were generalized. 

Based on soil investigations in the vast territories of Siberia and the Far East 
carried out for the Migration Department (Glinka, 1921), researchers concluded 
that podzolized soils were widely distributed in the taiga zone; but Russian pe- 
dologists also realized that the Siberian soil cover did not fit concepts of the Rus- 
sian plain (Gorshenin, 1926; Prasolov, 1927). The study of permafrost’s influence 
on soil processes also was developing (Sumgin, 1931). 
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Figure 1.2.1. First German investigators of polar soils, W. Meinardus (left) and E. Blanck 
(right). 



During this period of soil studies, the Eurasian high latitudes were surveyed 
widely. Systematic studies were made of the soils of the European sector of the 
Arctic and Subarctic (Grigoryev, 1925; Ivanov, 1933; Ivanova and Koposov 1937) 
(Figure 1.2.2a), the Ural Mountains (Neustruev and Gorodkov, 1923), and some 
northern regions of Siberia (Gorodkov, 1932). As a result, researchers distin- 
guished the specific type of gley pedogenesis in tundra (Liverovskiy, 1934) (Fig- 
ure 1.2.2b) and discovered widespread development of podzolization processes in 
the Arctic, even on clayey-loamy substrates (Gorodkov, 1939; Ratmanov, 1930). 

Pedologists at this time first opposed the northern “glacial zone” (Ivanov, 1933) 
or “polar desert” (Gorodkov, 1939) to the southern (tundra) part of the Arctic. 
They divided the latter into four subzones: “saline polygonal and structural soils 
(Arctic tundra), gley mottled soils (typical moss-lichen tundra), peat gley mottled 
and hummocky soils (southern tundra), and peat podzolic gley soils” (Liverovskiy, 
1934). 

Pedologists from the United Kingdom (Elton, 1927) and Norway (Bjorlykke, 
1928) joined their German colleagues in the 1920s and 30s to study the soils of 
Spitsbergen. 

The systematic surveys of Nordic countries began then. The first mention of 
permafrost-induced features in mineral soils of Norway (Bjorlykke, 1928) and 
Sweden (Tamm, 1928) appeared. 

Wide soil studies began in Mongolia; Cryosols occur in the northern half of this 
territory. These studies were generalized after World War II (Bespalov, 1951). 
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Figure 1.2.2. The advanced Russian investigators of permafrost-affected soils, 
E.N. Ivanova (left) and Yu.A. Liverovskiy (right). 



4. Extensive Field Studies and New Concepts (1950-1985) 

During this period, pedologists gathered the most important facts about perma- 
frost-affected soils, and these facts provided the basis for contemporary concep- 
tions. 

Russian specialists from both old centers of soil science (Moscow and Lenin- 
grad) and the newly organized pedological departments in the Russian North, Si- 
beria, and the Far East (Syktyvkar, Krasnoyarsk, Yakutsk, Ulan-Ude, Magadan, 
and many others) developed extensive studies. The government financed a large 
project, including soil surveys of remote areas, to compile the Soil Map of the USSR 
(scale 1:1000000). But these studies resulted not only in maps but in much geo- 
graphical, morphological, and chemical data on Cryosols, published in numerous 
books and papers. 

In the northern part of European Russia, pedologists studied the permafrost- 
affected soil cover of the Komi Republic (Archegova, 1972; Zaboeva, 1975), Ne- 
nets district (Ignatenko, 1979), and northern part of the Ural Mountains (Firsova 
and Dedkov, 1983). On the Kola Peninsula, V.O. Targulian (1971) and the spe- 
cialists from the Kola Scientific Centre studied the tundra and alpine Arctic desert 
soils and generalized their data later (Nikonov and Pereverzev, 1989). 
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Pedologists completed numerous studies over a wide spectrum of topics (geog- 
raphy, genesis, moisture and temperature regimes, biological features, chemical 
and mineralogical composition, etc.) in Siberia and then generalized their results in 
a series of books about soils of Siberia as a whole (Ivanova, 1962; Ilyin et al, 
1977; Kovalev et al, 1978; Kovalev, 1979). But the soil data on the Asian part of 
Russia appeared systematized mostly in monographs on the different regions. 
Studies of the Cryosols of West Siberia covered both the boreal forest zone 
(Karavaeva, 1973) and tundra (Vasilievskaya et al.,1986). 

The most extensive areas of permafrost-affected soils are in central and eastern 
Siberia. Many of them, especially in the southern and central parts of Yakutia, are 
of agricultural value. Soil studies here thus embraced the large areas of taiga 
(Makeev, 1959; Zolnikov et al., 1962; Petrova, 1971; Korsunov, 1978), tundra 
(Karavaeva, 1969; Vasilievskaya, 1980), and grasslands ( Voiko vintser, 1973). 
Some studies included both plains and mountainous soils (Ivanova, 1963; Elov- 
skaya et al., 1979). 

In the mountainous regions of Southern Siberia, soil investigations continued 
for a long period. B.F. Petrov (1952), M.P. Smirnov (1970), R.V. Kovalev and his 
colleagues (1973), and V.N. Gorbachev (1978) investigated the mountain systems 
of the western part of this region - Altai and Sayans. V.A. Nosin (1963) studied the 
mountains and valleys of Tuva, which have a more continental climate and soils 
under steppe vegetation, and others extensively studied the soils of mountainous 
systems in different parts of the Lake Baikal region (Nogina, 1964; Koposov, 
1983; Kuzmin, 1988). 

The Cryosols of northeastern Eurasia were the last for systematic studies, but 
here pedologists found the widest spectrum of permafrost-affected soils (Naumov 
and Gradusov, 1974; Sokolov, 1980; Ignatenko and Berman, 1980). 

After World War II, soil studies of Spitsbergen continued. French investigations 
yielded approaches for both soil geomorphology (Corbel, 1954) and pedology 
(Fedoroff, 1966). N. Fedoroff is known not only for the first systematic studies of 
soils of Spitzbergen but also for the first use of the term Cryosol. Polish soil scien- 
tists conducted extensive and multidisciplinary soil studies of West Spitsbergen 
since the 1950s; S. Uziak (1992) summarized these results. Some U.S. pedologists 
studied soils of Spitsbergen in the context of general Arctic soil cover (Mann et al., 
1986). 

As for the Subarctic soil cover of Nordic countries, the first study was of per- 
mafrost-affected features in the soils of Iceland (Johannesson, 1960; Friedmann et 
al., 1971). Studies continued of paisas, the most pronounced permafrost-induced 
features in the soil cover of Northern Scandinavia, in Sweden (White et al., 1969) 
and Finland (Seppala, 1972). 

Russian and Mongolian soil scientists continued to study the Cryosols of Mon- 
golia cooperatively, mainly using the Russian scientific school’s approaches 
(Nogina, 1978; Ogorodnikov, 1981; Nogina and Dorzhgotov, 1982). Mongolia 
became the study area, besides Spitsbergen, for investigations of Cryosols and arid 
soils for Polish specialists, who cooperated with their Mongolian colleagues 
(Dorzhgotov and Kowalkowski, 1981). S.V. Maximovich (1993) later generalized 
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the data on Mongolian Cryosols obtained in the 1960s through 1980s (see Section 
2 of this book). 

A. A. Sokolov (1977) investigated small areas of Cryosols in East Kazakhstan, 
basically in mountainous regions. LA. Gorbunova (1986) studied the effect of 
cryogenesis, including the seasonal freezing-thawing processes on recent soils and 
paleocryogenic features, in soils of the plains of Central and East Kazakhstan. The 
studies of “High latitude” and “High altitude” permafrost-affected soils began in 
China (Qui Guo Qing and Cheng Guo Dong, 1993) in the 1950s. 

During this period, pedologists combined the extensive field studies with gener- 
alizations and new concepts of soils and the soil cover of Eurasia and the circum- 
polar area. This first occurred while preparing the scheme of Soil-geographic re- 
gions for the whole territory of the USSR (Letunov, 1962). The authors gathered 
all the soil data, including from remote areas, and compiled a set of soil zones and 
subzones (distinguished by bioclimatic criteria), which they divided into provinces 
(distinguished by geology and some climatic features). 

V.O. Targulian and N.A. Karavaeva (1964) suggested a new variant of zonation 
of the whole Arctic. They divided the Arctic into two zones: 1. that of Arctic and 
tundra soils, subdivided into the subzones of desert and soddy Arctic soils and 
tundra gley and tundra gley podzolized soils, respectively, and 2. that of acid un- 
saturated tundra gley soils. 

I.S. Mikhailov (1970) divided the Arctic soil zone of Russia into three 
subzones: northern subzone of desert Arctic soils, middle subzone of typical Arctic 
soils, and southern subzone of tundra Arctic soils. They differ by the percentage of 
mature soils in soil cover. J. Tedrow (1977) distinguished three soils zones in the 
non-forested areas of the circumpolar area including Eurasia. They are polar de- 
serts, subpolar deserts, and tundra. 

Based on the data obtained in North America, N.A. Karavaeva and V.O. Tar- 
gulian (1977) revised their first zonal scheme. They distinguished the following 
zones: 1. soddy Arctic saline and calcareous Arctic soils in the Arctic zone and 
northern Arctic tundra subzone; 2. homogeneous gley soils and podburs in the 
Arctic tundra subzone and most of the subzone of typical tundra; 3. differentiated 
gley, gley-podzolic, and podzol soils in the southern part of the typical and south- 
ern tundra and northern taiga. 

LA. Sokolov et al. (1982) analyzed the geography and factor ecology of well 
drained soils of Northern Eurasia. They categorized the territories of high latitudes 
(with the exception of Spitsbergen) as areas of primitive cambizems and cryoxero- 
zems. In addition to humid areas of the tundra zone, they were first to distinguish 
semihumid and semiarid and arid areas with soddy soils and tundra-steppe xero- 
zems in this zone. 

V.O. Targulian (1971) proposed distinguishing the well drained and imperfectly 
drained soils in tundra and north taiga. He proved the common set of soil proc- 
esses for a large spectrum of well drained permafrost-affected soils, which strongly 
differed in respect to their taxonomy earlier. He proposed naming these soils pod- 
burs (for soils without bleached horizons) and Al-Fe-humic podzols (with bleached 
horizons). 
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O.V. Makeev proposed recognizing the great role of cryogenic processes in 
soil-formation (Makeev and Kerzhentsev, 1974; Makeev, 1981). He believed that 
both permafrost and seasonal freezing play important roles in pedogenesis, and he 
included both in the term cryopedosphere. 

All these generalizations and concepts of Cryosols’ distribution and genesis 
were developed during the last period of studies of Eurasian permafrost-affected 
soils. 



5. Mapping, Classification, and Ecology of Cryosols 
(1986-2000) 

During this period, field work to study the distribution and genesis of Cryosols was 
reduced markedly, because many large projects were completed, Russia and Po- 
land faced economic crises, and Nordic countries conducted very pragmatic soil 
science. However, the territories not investigated earlier because of military secrets 
(for example, Novaya Zemlya) were studied during this time (Goryachkin, 1998), 
as were the poorly investigated Cryosols of China (Qui Guo Qing and Cheng Guo 
Dong, 1993). 

In the 1990s, international cooperation progressed. This led to an intensive ex- 
change of ideas and data and organization of joint field research aimed to correlate 
the old classification systems of Northern soils and to create new ones (Mazhitova 
et al., 1993). Special orders for permafrost-affected soils appeared in the national 
taxonomies of the USA (Gelisols), France (Cryosols), and Russia (Cryozems). 
This book discusses these things in the Section on classification problems. 

The most important events of this period were the completion of several soil 
maps for different areas of Eurasia and for the whole circumpolar region. The lat- 
ter was the first soil map of the Arctic (Treshnikov, 1985). The Soil Map of the 
Russian Federation, scale 1:2500000 (Fridland, 1988), and the Soil Map of 
Northeastern Asia, of the same scale but more detailed for cryologic information 
(Naumov, 1993), were published. The schematic Soil Map of Scandinavia (scale 
l:2mln.) was developed (Rasmussen et al., 1991), as well as the more detailed map 
(l:lmln.) for the Svalbard area (Lag J. 1993). On the basis of earlier data, the Map 
of Mongolia (scale l:3mln.) was compiled (Dorzhgotov and Nogina, 1990). 

Paralleling the large work of compiling soil maps, important regional generali- 
zations were made about soils of northeastern Eurasia (Naumov, 1993). The con- 
cepts of general principles of soil distribution in the Arctic (Goryachkin et al., 
1998) and in the permafrost-affected circumpolar area (Sokolov and Konyushkov, 
1998; Sokolov et al., 1994) also were published (see Section 2). 

The last period of Cryosol study in Eurasia is the blossoming of the ecological 
investigation of these soils. It concerns mainly the problem of global change. A 
large number of papers were published on this subject. 
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6. Conclusion 

The Cryosols of Eurasia have been studied for more than a century. The first gen- 
eral concepts of their genesis and geography appeared in 1930s. But the period of 
the most extensive studies and most advanced concepts was 1950-1985. A set of 
soil maps of the scales 1:1 min. to 1:3 min. exists for almost the whole permafrost- 
affected area of Eurasia. Recently, the wide spectrum of environmentally oriented 
studies of Eurasian Cryosols began. 
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1. Introduction 

Northern Canada, the vast, sparsely populated region of Canada affected by per- 
mafrost, encompasses about half (5 x 10^ km^) of the country and includes the 
Arctic and Subarctic zones and portions of the Boreal zone. This region, which is 
composed of the Northwest Territories, Nunavut (formerly the eastern portion of 
the Northwest Territories), the Yukon, and the northern portions of most prov- 
inces, has a population density of only 2 people per hundred square kilometers. 

Since most of this population is scattered in small settlements separated by 
great distances, roads are rare, except in the Yukon and the western portion of the 
Northwest Territories, and travel relies primarily on fixed wing aircraft (both 
commercial flights to limited areas and charter flights) and helicopters. Access to 
much of this region is still very difficult. 

During the early part of the 20^^ century, most scientific activities in northern 
Canada were exploratory in nature. Geologists and naturalists who carried out 
these studies made some reference to soils, but no scientific studies of soils were 
carried out. Studies focusing on northern soils began in the 1940s and have con- 
tinued through to the present day. This paper discusses the history of this research 
and the impact it has made on the development of soil science. 



2. Pioneering Soil Studies: 1940-1969 

Pedological research in northern Canada began in the 1940s, but these studies and 
those that followed throughout the 1950s and 1960s generally had a single purpose 
and were exploratory in nature. The purpose was an interest in the possible use of 
land for homesteading and agriculture. The scientists who carried out these studies 
viewed the northern soils simply as cold variants of the non-permafrost soils oc- 
curring in the more southerly areas of Canada. 

Leahey (1943, 1947, 1953) undertook the first soil investigations in the perma- 
frost regions of Canada, in the Subarctic and Boreal regions, north of the 60* par- 
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allel. These pioneering studies generally were carried out along existing roadways, 
such as the newly constructed Alaska and Mackenzie highways, and along the 
Mackenzie River. 

Reconnaissance level soil surveys and pedological investigations in the south- 
ern Yukon and the western and southern portions of the Northwest Territories 
continued throughout the 1950s and 1960s (Day and Leahey, 1957; Day, 1962, 
1966, 1968, 1972). Soil surveys of the Slave, Liard, and Takini River areas of the 
upper Mackenzie River valley in the western Northwest Territories generally were 
carried out by boat, with the soils being mapped, described, and sampled during 
daily foot traverses. One of the earliest soil studies in the High Arctic (Day, 1964) 
also was carried out during this period. 

These soil surveys provided the first systematic soil inventory and study of 
spatial distribution of soils in these areas. In addition. Day and Rice (1964) pro- 
vided information on the characteristics of permafrost soils in the Mackenzie 
Valley while Wright et al. (1959) provided information on the characteristics of 
some alluvial soils occurring elsewhere in the Northwest Territories. 

Throughout this period, work also was carried out in the northern parts of the 
western provinces. The early soil surveys in northern British Columbia and Al- 
berta during the late 1950s and early 1960s used packhorses for transportation 
(Figure 1.3.1). In the early 1960s, Daws Lindsay and his colleagues from the Al- 
berta government used helicopters to carry out exploratory soil surveys in northern 
Alberta. This was probably the first time that helicopters were used to fly tran- 
sects. 




Figure 1.3.1. Field camp with packhorses. Soil survey in the Peace River area, Alberta 
(1950). 
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In the late 1950s, Dr. Walter Ehrlich and his colleagues from the Manitoba fed- 
eral soil survey used rail cars and float planes to carry out similar soil surveys 
along the Hudson Bay Railway in northern Manitoba. In the early 1960s, Dr. Ehr- 
lich also carried out a broad study of soils in northern Manitoba, using a float 
plane to crisscross the northern half of the province. The soils he described and 
sampled along the flight lines provided what was probably the first information 
collected on frozen soils in this province. 

Everett (1968) and Tedrow et al. (1968) conducted the first soil mapping in the 
Arctic areas of Canada. Everett studied soil development on the Queen Elizabeth 
Islands in the High Arctic, while Tedrow and his associates (Tedrow and Douglas, 
1964; Tedrow et al., 1968) concentrated on defining the soil geographic zones in 
the Arctic areas of the Northern Hemisphere and on developing a classification for 
these soils (Tedrow and Cantlon, 1958; Tedrow, 1968). Although this classifica- 
tion improved on the existing classifications of Arctic soils, it still did not focus on 
their cryogenic characteristics. 

These soil surveys provided the first insight into the distribution and genesis of 
northern soils, especially those with permafrost. Although some of the distinctive 
features of these soils were recognized, they often were misinterpreted. Neverthe- 
less, studies by these scientists, who worked for long periods in isolated and 
largely inaccessible areas, often under dangerous conditions, provided the basis 
for an understanding of these unique soils. 



3. Development of New Concepts: 1970-1989 

During the early 1970s, the scope and intensity of pedological studies changed. 
Although a great deal of exploratory work was still in progress (Rostad et al., 
1977), Increasing emphasis was placed on in-depth studies by multidisciplinary 
teams of scientists. Fieldwork in the north primarily relied on helicopters and 
fixed-wing aircraft, operating from remote field camps (Figures 1.3.2 and 1.3.3), 
and usually took place from mid-June to late August, with the scientists remaining 
in the field throughout this period. 
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Figure 1.3.2. Soil and paleoecology studies in the fossil forest area, Axel Heiberg Island, 
NWT (July, 1988). University of Saskatchewan and Canada Soil Survey scientists loading a 
Twin Otter aircraft with field gear. 



3.1. Energy development studies 

The primary impetus for the change to in-depth studies was the increasing pace of 
energy development in the north. With such development came the need to find 
suitable routes for oil and gas pipelines in both the western and eastern Arctic - 
routes that would cause minimal disruption to the land and its wildlife and peo- 
ples. The broad nature of this problem made it necessary for scientists from sev- 
eral disciplines (biologists, geologists, pedologists, hydrologists, geomorpholo- 
gists, permafrost specialists) to work together (Figure 1.3.4). 

Pedological studies were a vital component of these large-scale, multidisciplin- 
ary studies that provided baseline information for energy developments and gener- 
ated data for the required environmental assessment studies. The studies began in 
1970 and covered large areas in the Mackenzie Valley, the Beaufort Sea coast, the 
Keewatin, and the High Arctic islands in the Northwest Territories. Numerous 
publications summarize the soil information generated (Tamocai, 1973, 1976, 
1977, 1978a and 1978b; Zoltai and Pettapiece, 1973; Pettapiece, 1974; Zoltai and 
Tamocai, 1974; Woo and Zoltai, 1977; Tamocai and Zoltai, 1978). 
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Figure 1.3.4. Scientists operating a power auger during a cooperative Geological Survey of 
Canada and Canada Soil Survey terrain and soil mapping study. North central District of 
Keewatin, NWT (August, 1976). 
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Figure 1.3.5. Retrieving soil temperature data from an eight-channel data logger by using a 
laptop computer. The cylindrical data logger is to the right of the computer. Inuvik area, 
NWT (July, 1991). 



3.2. Monitoring studies 

Long-term monitoring studies that concentrate on the collection of data on soil 
temperature, soil moisture, active layer depth, and surface subsidence began dur- 
ing the late 1980s and are ongoing. They provide information that helps charac- 
terize the soils and determine the effect of human activity and natural processes on 
Arctic soils and ecosystems. 

In 1986, a soil climate monitoring program was established in the Mackenzie 
Valley, to characterize the soil climate and determine the effect of pipeline con- 
struction on permafrost (Cryosolic) soils (Tamocai, 1995). As part of this pro- 
gram, soil and air temperatures (Figure 1.3.5), active layer thickness, and surface 
subsidence were monitored on 33 sites along a 1400-km transect in the Mackenzie 
River valley. The monitoring continued into the 1990s. 

In addition, long-term ecosystem monitoring of the Ellesmere Island National 
Park Reserve (now Quttinirpaaq National Park) began in 1989, to determine the 
human impact on Arctic ecosystems and provide a method for evaluating the sen- 
sitivity of Cryosols in a High Arctic environment (Tamocai et al., 1991b; Tamocai 
and Gould, 1996). In 1995, a similar study began in the Pangnirtung Pass area of 
Auyuittuq National Park Reserve (now Auyuittuq National Park) on the southern 
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part of Baffin Island (Tamocai and Gould, 1998). In association with these stud- 
ies, soil mapping was carried out (Tamocai et al., 1991a; Tamocai and Veldhuis, 
1998) and monitoring sites were established in both parks. 



3.3. Paleosol studies 

During the 1980s, several paleosol studies were carried out in northern Canada. 
Some involved old glaciated and unglaciated surfaces in the Yukon (Smith et al., 
1986; Tamocai and Smith, 1989) and in the fossil forest area of Axel Heiberg Is- 
land in the High Arctic of the Northwest Territories (Tamocai and Smith, 1991). 

The purpose of these paleosol studies was to use pedological properties, espe- 
cially those derived from cryogenic processes, to determine past climates. Other 
studies were carried out at archeological sites in the Northwest Territories (Tamo- 
cai, 1997), not only to determine the past climates, but also to separate soil fea- 
tures derived from human activities from those resulting from pedological proc- 
esses. 



3.4. Characterization of permafrost soils 

Soil investigations continued at a rapid pace throughout the 1980s. The federal 
Soil Survey both completed systematic mapping in the continental part of the 
Northwest Territories and carried out studies relating to soil genesis and charac- 
terization (Bradley et al., 1982; Tamocai, 1980, 1984; Pettapiece, 1984). 

Scientists from universities and other agencies focused on site-specific research 
relating to soil genesis and characterization. Soil characterization studies in the 
Northwest Territories were carried out by James (1970), who studied soils in the 
Rankin Inlet area of the Keewatin District; Cmickshank (1971), who studied the 
soils and terrain in the Resolute area of Cornwallis Island; and Walker and Peters 
(1977) and Lev and King (1999), who studied soils on the Tmelove Lowland of 
Devon Island. 

Other soil studies in the Northwest Territories included a correlation of soil de- 
velopment on various ages of glacial materials on the Cumberland Peninsula of 
Baffin Island (Bockheim, 1974) and a study of the mineralogy and chemistry of 
Arctic desert soils on Ellef Ringnes Island (Foscolos and Kodama, 1981). Bum 
and Smith (1988) studied the thermal properties of soils near Mayo in the Yukon, 
while Hendershot (1984) compared upland and valley soils in the Ungava area of 
Labrador. 

Several scientists studied the micromorphological characteristics of permafrost 
soils in Canada’s northern territories. Brewer and Pawluk (1975) and Pawluk and 
Brewer (1975a) studied soils from the Subarctic and southern Arctic, Pawluk and 
Brewer (1975b) studied those on Devon and King Christian islands, and Fox 
(1979, 1985) and Fox and Protz (1981) studied those in the Mackenzie Valley. In 
addition. Smith et al. (1991) used micromorphology to describe the formation of 
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granular structure in fme-textured Turbic Cryosols on Herschel Island in the 
Yukon Territory. 



3.5. Changing concepts 

Interactions with permafrost scientists such as Dr. A.L. Washburn and Dr. J.R. 
Mackay, who studied cryogenic processes, furthered the understanding of the 
mechanisms involved in cryogenic processes and gave insight into the soil prop- 
erties that might result from such processes. 



3.6. Development of the Cryosolic Order 

During the early stages of the energy development studies (1971-72), it became 
increasingly clear that none of the North American soil classifications available at 
that time were suitable for handling permafrost soils. None of the classifications 
fully reflected the importance of cryogenic processes and the unique morphologies 
these processes created. 

These classifications, which were based on the soil profile, viewed northern 
soils, especially those with permafrost, as cryic versions of non-permafrost soils. 
Because of the complexity and variability of soil horizons in cryoturbated soils, 
the use of the soil profile as a basis for classification caused confusion, especially 
when soils were classified on the basis of very narrow soil profiles instead of pe- 
dons, which capture the inherent lateral and vertical variability of permafrost soils. 

Recognition of these problems made it evident that a major revision of the Ca- 
nadian soil classification system was necessary. In the new Cryosolic Order, both 
mineral and organic soils were included, cryogenic processes were recognized as 
soil-forming processes, and the pedon, on which the classification of these soils is 
based, was defined specifically for these soils (Canada Soil Survey Committee, 
1978; Agriculture Canada Expert Committee on Soil Survey, 1987; Soil Classifi- 
cation Working Group, 1998). 

These developments in the classification of permafrost soils were introduced to 
international soil scientists during soil tours held in northern Canada in connection 
with the 11^^ Congress of ISSS in 1978, the International Permafrost Conference 
in 1983, and the INQUA Conference in 1987 (Pettapiece et al., 1978; French and 
Heginbottom, eds., 1983; Morison and Smith, eds., 1987). 



4. Recent Studies: 1990-2000 

During the 1990s, soil research has continued in northern Canada and, as a result, 
the amount of soil information available has increased. This information has been 
used primarily for land use planning in national parks and for solving problems 
relating to transportation, the environment, urban planning, and agriculture 
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(Walmsley et al., 1987; Smith et al., 1989; Tamocai et al., 1991a, b). Increasingly, 
however, the studies have focused on problems that are of interest not just nation- 
ally but also continentally and globally. 

Long-term soil climate monitoring studies in the Mackenzie Valley, N.W.T., 
are continuing, and new studies have begun at benchmark sites in the Yukon (Tar- 
nocai, 1995; Burgess and Tamocai, 1997; Smith et al, 1998). Long-term ecosys- 
tem monitoring of the human impact on Ellesmere Island National Park Reserve 
also is continuing, and a similar study has begun for Auyuittuq National Park Re- 
serve on Baffin Island (Tamocai and Gould, 1996, 1998). Additional studies car- 
ried out in Auyuittuq National Park Reserve during this period include a study of 
soil genesis (Broil et al., 1998), a study of soil temperatures at a microscale on 
hummocky terrain (Mueller et al., 1998), a study of soil nutrient and vegetation 
relationships (Broil et al., 1999), and a study of soil biology (Mueller et al., 1999). 

Mapping activities on the Arctic islands have continued (Tamocai et al., 1991a; 
Tamocai and Veldhuis, 1998) and the federal Soil Survey has completed the Soil 
Landscapes of Canada database (CLBRR, 1996). This uniform database covers the 
entire area of Canada and makes it possible to produce updated soil maps and soil- 
related derivative maps (Shields et al., 1991; Tamocai and Lacelle, 1996). 



4.1. International studies and the circumpolar view 

4.1.1. Soil classifications 

A field trip in northwestern Canada in 1991 provided an opportunity for US sci- 
entists to learn how to recognize cryogenic features in these frozen soils and to be- 
come familiar with the Canadian method of using the pedon approach to describe, 
sample, and classify these soils. 

Scientists visited numerous sites in the Northwest Territories and Yukon (Tar- 
nocai et al., 1993) during an international tour on the classification, correlation, 
and management of permafrost-affected soils that was held in July, 1993. During 
this tour, the International Committee on Permafrost-Affected Soils was formed to 
develop a proposal for the Gelisol Order for inclusion in US soil taxonomy (Bock- 
heim et al., 1997). The Gelisol Order, which follows the Canadian concept in 
principle, was incorporated into Keys to Soil Taxonomy in 1998 (Soil Survey Staff, 
1998). Also in 1998, the World Reference Base for Soil Resources included a re- 
vised Cryosol classification based, in part, on the Canadian and US classifications 
(ISSS Working Group RB, 1998). 

4.1.2. Global change 

Recent activities relating to global change also have focused on northern Canada. 
The 4"^C warming predicted for this region (Woo et al., 1992; Mitchell et al., 1990) 
would cause marked changes in the thermal and moisture regimes of these north- 
ern areas. This would have a great impact on permafrost and Cryosols, and it is 
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predicted that the area of Cryosols would be reduced from the current 35% to 17% 
of the soil area of Canada (Tamocai, 1999). 

As a result of this emphasis on global change, Canadian soil scientists have be- 
come increasingly involved in cooperative projects, such as the Northern Circum- 
polar Database and map and the Circumpolar Active Layer Monitoring (CALM) 
network. 



5. Summary 

During the past 60 years, soil research in northern Canada has progressed from 
exploratory surveys of limited areas, through multidisciplinary studies focusing on 
specific problems, to broad studies involving issues of international concern. 

An understanding of the properties and nature of Cryosols has become more 
vital as people move northward and expand activities such as agriculture, resource 
development, and tourism, all of which place increasing demands on these often 
fragile soils and ecosystems. 
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Cryosols (Gelisols) are some of the most widely distributed soils on earth, cover- 
ing over 1 1 million km^ or more than 8% of the earth’s ice-free land surface (Soil 
Survey Staff, 1999). Cryosol is the predominant soil order in both Canada and 
Russia and occurs throughout northern Eurasia, northern North America, and 
western China (see the map, this section. Chapter 1 1). 

These soils form under a wide range of temperature, moisture, and physiog- 
raphic conditions, but they all have one factor in common: Cryosols develop in as- 
sociation with near-surface permafrost. They are the zonal soils of the polar and 
subpolar regions and higher elevations in more temperature regions of the world. 

The Cryosols of sub-polar regions often contain vast amounts of organic matter 
incorporated into the soil profile by frost churning (cryoturbation), a process of 
mass displacement within the seasonally thawed portion of the soil profile. The 
Cryosols associated with polar deserts in both the northern and southern hemi- 
spheres largely are devoid of any significant organic matter. Some Cryosols are 
characterized by large volumes of frozen water, others are without water. Cryosols 
form under tundra, coniferous forest, and cold desertic vegetation. 

While the classic soil-forming factors of climate, topography, vegetation, or- 
ganisms, and time each play a role in the development of Cryosols, these soils are 
defined entirely by their thermal condition. The upper portion of the soil profile 
freezes and thaws periodically (the active layer); the lower portion remains peren- 
nially frozen (the top of permafrost). Disruption of this thermal balance, generally 
through surface disturbance, can alter the nature of the soil fundamentally, lower 
the permafrost table,and place the soil into a different taxonomic order. 

This section’s chapters describe the nature and distribution of Cryosols in vari- 
ous regions of Russia, Canada, Alaska, China, and Antarctica. They summarize, 
for the first time in English, much of the literature and data about the soils of 
northern Russia. The authors of chapters on Russian soils have used Russian tax- 
ons in their descriptions but, when possible, have included the equivalent World 
Reference Base (ISSS Working Group RB, 1999) classification. Other chapters 
use the Canadian or US taxonomies. For subgroup equivalencies for these sys- 
tems, see the Tables in the section on soil classification. Section 5. 
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1. Introduction 

Soil scientists developed basic concepts of the geography of Arctic and Antarctic 
soils about 20 years ago (Tedrow, 1977; Karavaeva, Targulian, 1977; Sokolov et 
al., 1982). They acquired abundant information on soils and soil-forming factors, 
studied the soils of the Antarctic circumpolar region in detail, and suggested zonal 
patterns for the region (Campbell, Claridge, 1987; Bockheim, Ugolini, 1990; 
Blume et al., 1997). Their findings contain many discrepancies, however, and they 
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demand reinterpretation of the spatial distribution of soils at high latitudes of the 
Northern Hemisphere and comparative analysis of soil covers of the Arctic and 
Antarctic. 

This chapter has four objectives: 

1. To analyze data on climatic and geogenic factors of soil formation and their role 
in spatial distribution of soil in the Arctic. 

2. To incorporate the new soil data into the general concepts of the Arctic and 
Antarctic soil distribution. 

3. To revise or update the existing schemes of soil zonation in the Arctic and 
Antarctic. 

4. To determine similarities and differences in soil covers of high latitudes in the 
northern and southern hemispheres. 



2. Soil Zones in the Arctic 

Understanding the distribution of soils in the Arctic and the nature of soil zones 
requires understanding the spatial differences of soil-forming factors, both climatic 
and geogenic. 



2.1. Temperature 

The mean temperature of the warmest month decreases from south to north in 
treeless areas (for summer from ca. +12° to <+2°), and the duration of growing 
seasons likewise decreases (from 120 to <60 days). Also, the relief-induced and 
coast-induced change in the temperature regime is cardinal, especially in the High 
Arctic. In Greenland, at the heads of fjords (50 to 100 km from the coastline), the 
temperature in summer could be 3 to 4^C higher than on the coast (Jakobsen, 
1991, 1992; Bay, 1997). The same trends exist in Arctic Canada, Alaska (Tedrow, 
1977), and Siberia (Karavaeva, 1969). 



2.2. Precipitation and evaporation 

Precipitation in the Arctic decreases from south to north and from the coast inland. 
Different sources show closely similar values of precipitation data. Precipitation 
ranges from 600 to 900mm in maritime tundra to 100 to 200 mm in the High 
Arctic. The inland and continental parts of the Arctic receive two thirds to one half 
as much precipitation as the coastal zones of the same thermal level. 

In spite of the data’s consistency, different specialists have interpreted the 
humidity of the Arctic climate quite differently. Some consider the vast territories 
in the Arctic to be semiarid or arid (Tedrow, 1977; Sokolov et al., 1982; 1994; 
Ugolini, 1986). Using not only precipitation data but also evapotranspiration data. 
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others consider the Arctic in general to be humid (Targulian and Karavaeva, 1964; 
Mikhailov, 1970). Evapotranspiration values range from 47 to 48 mm/year for 
Isachsen (Arctic Canada) and Rudolfa (Franz Joseph Land) (Isachenko and 
Shlyapnikov, 1989), and 80 mm/year for West Spitsbergen (Khromov and 
Petrosyants, 1994), to 300 mm/year in inland areas of South Greenland (Jakobsen, 
1991). Evapotranspiration in every case is about a half or a third of that of the 
local precipitation. 

However, in inland areas of the High Arctic islands and continental parts of 
eastern Siberia, precipitation is much lower, up to 25 mm/year in northern 
Greenland (Bay, 1997). In these conditions, higher temperature and orographic 
and catabatic winds increase evaporation (Brutsaert, 1982; Khromov and 
Petrosyants, 1994). 



2.3. Geogenic factors 

An analysis of geogenic factors indicates a drastic decrease in the percentage of 
plains and an increase of mountains and glaciers in the High Arctic (Ecoregions 
Working Group, 1989). Terrigenic calcareous stony and marine sediments 
dominate here in glacier-free territories (Treshnikov, 1985; Goryachkin et al., 
1999). 

In other words, in the High Arctic, soil cover occupies either small islands, 
which are open to Arctic winds, or narrow stripes of terraces and colluvial foothills 
among the areas covered with glaciers, mountains, and sea. Marine and stony 
terrigenic calcareous parent materials cover these stripes. 



2.4. Soil formation 

In these High Arctic conditions, the following processes markedly affect soil 
formation: 

1 . the input of salt aerosols from the sea 

2. the eolian dust transport of the products of rock weathering (including calcar- 
eous rocks) (Dredge, 1992) 

3. permanent catabatic winds coming from glaciers and concentrating in valleys 
and winds blowing from the pack ice (Khromov, Petrosyants, 1994) (they 
markedly increase the evaporation from adjacent landscapes) 

4. the high moisture and thermal gradient observed from sea to periglacial inland 
areas (Jakobsen, 1988; 1990; 1992; Ba, 1997) 

5. the minor duration of soil-forming processes and the high content of stony 
material in surface layers of the territories, recently freed from glaciation 
(Bockheim, 1979; Tedrow, 1986). 

All this may lead to salinization and calcification of soils in local areas of the 
High Arctic. 
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An analysis of soil-forming factors in the Arctic as a whole leads to these main 
conclusions: 

1 . With respect to macroclimate, humidity and low temperatures are intrinsic to the 
whole Arctic. The soil-transforming ability of the climate decreases 
substantially in the northern direction, due to a shortened season of active 
pedogenesis, less liquid precipitation, and low temperatures. The kinetics of the 
majority of soil processes decrease, which decreases the transformation of soil 
substances. In more southern latitudes, where the transforming ability of the 
climate is higher, the soil processes level the pedodiversity which the relief and 
substrates (soil convergence) cause. 

2. Geogenic factors determine the ratios between land and sea, mountains and 
plains, and a general dissection and complexity of relief They are an important 
influence on the character of meso- and microclimate, which become more 
diverse in the High Arctic and in the most continental areas of northeastern 
Siberia (Sokolov and Konyushkov, 1998), and they thus increase soil 
divergence. 

3. Geogenic factors lead to an increased spatial complexity of the relief-substrate 
matrix, which includes a variety of parent materials (shown by the content of 
salts, calcite, and crushed stones) and slopes (shown by aspect and gradient). 
All this also enhances the pedodiversity of soil cover. 

During the last 25 years, new data were obtained which have not yet been 
incorporated into existing generalized concepts about the soil cover of the Arctic. 
These are data about soils of the earlier unexplored regions of Greenland 
(Jakobsen, 1988, 1991, 1992), Northern Canada (Tamocai, 1976; Bockheim, 
1979; Foscolos and Kodama, 1981; Wang et al., 1986; Tamocai et al., 1991; 
Tamocai and Gould, 1996), Alaska (Everett, 1981; Rieger, 1983; Ugolini et al., 
1987; Ping, 1997), Spitsbergen (Mann et al., 1986; Uziak, 1992; Lag, 1993), the 
Taimyr peninsula (Vasilievskaya, 1980), the Chelyuskin peninsula at the north of 
Taimyr (Goryachkin et al., 1995), Novaya Zemlya (Goryachkin, 1998), and the 
vast region of northeastern Eurasia (Naumov, 1993). 

An analysis of this new data makes it possible to describe, geographically and 
qualitatively, the diagnostic features of main pedogenic processes as they manifest 
themselves in the traditional units of zonal division of the Arctic (Goryachkin et 
al., 1998, 1999). 

2.4.1. Cryoturbations 

Cryoturbations of different kinds occur in every region of the Arctic. They are 
characteristic even for permafrost-free tundra regions of Europe (see the chapters 
on Cryosols of the Russian European North). Maximum cryoturbations appear in 
the tundra and decrease northwards. 
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2.4.2. Gley processes (redoximorphism) 

The degree of gleyzation and the percentage of gley soils in the soil cover of the 
Arctic decrease markedly in the northern direction. This phenomenon more 
reflects lithological reasons (domination of stony, mostly calcareous substrates in 
high latitudes) than climatic ones (low temperatures and consequent decrease of 
microbiological Fe-reducing processes). If clayey derivatives of acid non- 
calcareous materials are present, the gley process is clearly pronounced in the soils 
of the high latitudes (Goryachkin et al., 1999) and is confirmed by redox potential 
(Eh) measurements (Uziak, 1992). 

2.4.3. Peat accumulation 

Peat accumulation can proceed over all the territory of the Arctic. Peaty soils with 
an organic horizon as thick as 1 m or more occur under conditions of over- 
moistening in many places, even in the High Arctic (Goryachkin et al., 1999). 
However, in contrast to the Low Arctic, where peatlands with a thick organic layer 
occur, soils with a thin (5-20 cm) peaty horizon usually prevail at higher latitudes. 

In some cases, peaty soils occur at the feet of slopes, formed under conditions 
of additional lateral water and fine earth input. A substantial addition of mineral 
elements into peaty soils of the Arctic can occur with eolian fluxes. When soil 
develops under the influence of water that drains bird colonies, its trophic 
properties improve. 

Peaty horizons as thick as 3-4 m, formed under such conditions, occur at 
Spitsbergen and Ellesmere (Lag, 1993). Therefore, in high latitudes, the lateral 
input of sources of mineral nutrition compensates for climatic conditions, which 
are unfavorable for peat growth. 

2.4.4. Humus (mulPmoder) accumulation 

The accumulation of humus of the mull-moder (soddy arctic) type often occurs 
within the traditional zone of polar deserts and continental areas of the tundra 
zone. This process is frequent also in the humid sector of the Arctic and in the 
southern part of the tundra in the European and western Siberian sectors of the 
Arctic (Goryachkin et al., 1995). Soils with clear features of this process occupy 
drained areas, both the coldest ones with a thin snow cover (hill tops) and the 
warmest ones with a thick snow cover (insolated slopes of hollows and karst sink 
holes) (see the subchapter on Cryosols of the Russian European North). 

2.4.5. Podzol ization 

Podzolization - the migration of organic sesquioxides compounds - is widespread 
in cold humid (Targulian, 1971) and even cold arid regions (Sokolov et al., 1982). 
This process forms the profiles of Podzols in Low Arctic tundra and podzol-like 
soils (soils with qualitatively pronounced features of podzolization and Al-Fe- 
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humus migration, but which do not meet quantitative classification criteria) in the 
rest of the Arctic. 

Data on such soils recently discovered at high latitudes is available (Goryachkin 
et al., 1999). As a rule, these podzolized soils differed from their southern 
analogues in that they have higher pH values and less pronounced differentiation 
in the distribution of sesquioxides, due to a lower production of acids by the plant 
communities of high latitudes. However, their acidity is sufficient to remove 
ferrous coatings from sandy quartz grains. 

2.4.6. Calcification and salinization 

Calcification and salinization in the soils of polar deserts appear in the form of 
calcareous pendings and white mottles and thin coatings of salts. Marine terrace 
sediments and eolian input from the sea are known salt sources. Vast outcrops of 
limestone crushed into dust by physical weathering in a cold climate (Dredge, 
1992) can serve as a source of calcite. 

Under polar desert conditions, precipitation is mostly solid, and the snow is 
removed from the top of the ground. This prevents the leaching of salts and 
carbonates, allowing salinization and calcification to occur. 

These processes were observed in the “polar deserts” of North America and in 
the humid European sector of the Arctic (Goryachkin et al, 1999). However, 
salinization and calcification do not occur in all polar desert soils; the soils on non- 
marine substrates of Ellesmere (Tamocai and Gould, 1996) have very low salt 
content. 

The majority of research on the Arctic points to an active salinization dynamic 
(Tedrow, 1977). In general, the temporal and spatial distribution of salinization 
and calcification varies considerably in Arctic soils. The general tendency is 
toward an increased salt and calcite accumulation in the northern direction. 

2 . 4 . 7 . Formation of desert pavement 

A desert pavement is a horizon of accumulation of stony material at the soil 
surface. It relates to the freezing out of stones and eolian output of fine earth. J. 
Tedrow (1977) denoted it as the process typical only for the zone of “polar 
deserts.” Other numerous reports indicate that fragments of desert pavements 
occur in the tundra zone of Eurasia, in every area where substrates contain enough 
stones. At Novaya Zemlya, the formation of pavements proceeds due to the active 
eolian removal of fine earth from the surface by bora-orographic hurricanes 
(Goryachkin, 1998). 
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2.4.8. Textural (clay) differentiation 

Clay differentiation occurs in forest tundra and in the south of the tundra zone. But 
it is less pronounced than the same process in boreal soils, as only “outposts” of 
textural differentiation appear in the Arctic. 



2.5. Zoning of the Arctic 

Figure 2.1.1 shows the general scheme of distribution of soil processes in the 
Arctic. All the soil processes, from podzolization to salinization, except textural 
differentiation, occur in every region of the Arctic. The figure uses both the names 
of the zonal divisions which we propose (see below) and widely used ones 
(Tedrow, 1977). 

The same set of pedogenic processes and complex geogenic factors make 
zoning the Arctic extremely difficult. Thus several approaches are based on Arctic 
soil cover. Section 1 of this book reviews these schemes (see the chapter by 
Goryachkin, Karavaeva, and Makeev). 

One approach considers “climatic moistening” to be the basic factor of soil 
geography in the Arctic and Subarctic (Sokolov and Konyushkov, 1998). In this 
division, soil regions change from west to east, and the north-south thermally 
induced trends are less significant. 

All other approaches recognize the zonal character of the Arctic soil cover. 
Some of them put the thermal factor first (Mikhailov, 1970), but some zonal 
schemes consider a simultaneous decrease of temperature and humidity northward 
(Karavaeva and Targulian, 1977; Tedrow, 1977). 

An analysis of soil-forming factors shows the macroclimate of the Arctic region 
to be principally humid, with semiarid “pedotopes” caused by the combination of 
geogenic factors and consequent transformation of the mesoclimate. Therefore the 
main climatic control of soil cover belongs to the thermal level. This principle 
fully corresponds with the zonal concepts of vegetation of soil scientists 
(Aleksandrova, 1988; Edlund, 1990; Bay, 1997) and plant biologists (Yurtsev, 
1994) and physical geographers (Isachenko and Shlyapnikov, 1989), who relate 
the polar desert (“High Arctic tundra”) to low summer temperatures and describe it 
on the humid and cold coasts but not in the more warm and dry inland areas of 
Greenland, for example (Bay, 1997). 

We used soil data analysis and map and satellite images to set up zones of 
Arctic soil cover, based on the set of soils prevailing in the soil cover and the 
character of upper horizons. Table 2.1.1 and Figure 2.1.2 demonstrate the zonal 
pattern. The names of soils mix WRB names and informal ones, as it is very 
difficult to express briefly, in formal names of up-to-date taxonomic systems, the 
reality and relevant details of the soils in high latitudes. 
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Redoximorphism 




Organic Matter Accumulation 




Podzolization 




Calcification 




Salinization 




Desert Pavement Formation 




Textural Differentiation 



Forest-tundra Low Arctic and Subarctic Tundra Mid Arctic Tundra High Arctic barren 

Tundra Subpolar desert Polar desert 

Figure 2.1.1. Pedogenic processes in the Arctic: qualitative estimation of their 
manifestation and frequency. Names of the zones are those the authors propose (see Table 
2.1.1 andTedrow, 1977). 

As Table 2.1.1 and Figure 2.1.2 show, the boundaries differ from those of J. 
Tedrow (1977), especially in Eurasia. But the change of the soil zones’ names is 
more principal. Proposed names reflect both Russian and North American 
traditional approaches (Treshnikov, 1985; Ecoregions Working Group, 1989) (see 
Table 2.1.1). We propose naming most of Tedrow’s Subpolar desert “Mid-Arctic 
tundra,” because in Eurasia this zone covers lowlands with a predominance of 
tundra gley (Gleyi-Turbic Cryosols) and bog soils (Histic Cryosols). 
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More exactly, we would name the southern part of Tedrow’s Tundra zone “Low 
Arctic and Subarctic tundra,” in accordance with both North American and 
Russian traditions (see Table 2.1.1). However, the northernmost zone is the most 
complicated case. We propose rejecting the term “desert” as not appropriate for 
this area; the term carries a landscape image of aridity which is a problem for 
anyone not involved in Arctic problems. In addition, landscapes with a 
combination of extremely low temperatures and non-disputable aridity, “cold 
deserts,” do exist on earth (see below). Tedrow (1991) recently proved the great 
difference between “polar deserts” and “cold deserts.” We would call the most 
northern unit of soil cover of the Arctic, “High Arctic barren.” 



3. Soil Zones in the Antarctic 

In the Antarctic, the quantity of soils is low, because ice covers most of the 
continent and islands. From the Subantarctic Forests to the Antarctic Cold Desert, 
the mean annual temperature decreases from 6°C and more, to -18° and lower 
(Figure 2.1.3), whereas the mean temperature of the warmest month decreases 
from +9.5 (Falkland I.) to -3.4 (McMurdo). The precipitation decreases from 1300 
mm to 36 mm (Table 2.1.2). The Cold Desert belongs to the xerous climate zone 
(< 250 m subxerous, > 1200 m ultraxerous; Bockheim 1997). The other areas are 
humid, including the Polar Desert, at least during the snow-free summer. 

The soils of the Cold Desert are (except for some lichens in special positions) 
free of vegetation cover. The same is the case for soils of the Polar Desert which 
are not free of snow every summer, whereas lichens or mosses cover the other 
soils. Many soils of the Maritime Antarctic (“Subpolar Desert”) are covered 
densely by grasses or mosses below 50 to 60 m a.s.L, whereas above 60 m is a thin 
cover of lichens only. Soils of the Subantarctic islands of the High Tundra (Figure 
2.1.3) are covered by grasses, heath, or mosses that depend on water and nutrient 
conditions, whereas the Low Tundra of the Falkland Islands is characterized by 
tussock-grassland and peat mosses. 

Acid and basic igneous and eruptive rocks, sandstones as well as moraine, 
solifluction, and fluvioglacial deposits of these rocks are the dominating substrates 
of soil formation. Limestone and till are rare (Campbell and Claridge, 1987). 



3.1. Permafrost, cryoturbation, and cryoclastic weathering 

Practically all soils of the Antarctic Cold, Polar, and Subpolar Deserts are soils 
with permafrost, as are some of the Subantarctic High Tundra (e.g., in South 
Georgia I.) (Campbell and Claridge, 1987; Bockheim, 1995). Most soils of 
ice-free parts of the Antarctic Polar Desert show a desert pavement as well as 
cryoturbation phenomena like stone circles and tonguing on soil surfaces, together 
with particle sorting inside. Higher silt or sand contents occur in the top soil, and 
higher clay contents occur farther down, just above permafrost. Vesicular structure 
appears in the first 1 to 10 cm of soil (Blume et al., 1997; Beyer et al., 2000). Dry 
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permafrost dominates because of low temperatures in the Cold Desert (Beyer et 
al, 1999). 

In the Subpolar Desert, cryoturbation phenomena are less pronounced and 
restricted to non-vegetated sites (although some slope creeping occurs). Permafrost 
phenomena combine with a strong cryoclastic weathering. This results in sandy to 
stony soils on leucogneiss and sandstone, but in loamy soils on basalt and schist 
(Blume et al., 1997). 


Table 2.1.1. Arctic Soil Divisions. 






Division 


Low arctic and 
subarctic tundra 


Mid Arctic tundra 


High Arctic 
barren 


Main soils 


Histic, Gelic Gleysols, 
Podzols, elic 
Albeluvisols, Dystric, 
Gelic, Cryic Histosols; 
Turbic, Histic, 
Oxyaquic Cryosols, 
Gelic Cambisols in 
continental climate 


Turbic, Histic, 
Spodic Cryosols, 
Podzol-like soils, 
Cryic Histosols 


Turbic, Lithic, 
Gleyic, Oxyaquic 
Cryosols, dwarf 
Podzol-like and 
Rendzina-like 
soils, (Film-like) 
soils under algae 


Features 


Predominantly 
continuous soil cover, 
well developed litter, 
wide spread peats, 
peaty soils, paisas 


Discontinuous soil 
cover, mull-moder 
A horizon, shallow, 
if any, litter 


Contrast sporadic 
soil cover, soils 
with salic features 
adjacent to poorly 
drained peaty 
soils, eolian input 
of salt and calcite 


Soil division by Tundra 
Tedrow, 1977 


Subpolar desert 


Polar desert 


Traditional 

Russian 

division 

(Treshniko, 

1985) 


Forest- tundra. 
Southern tundra 


Typical tundra, 
Arctic tundra 


Arctic tundra, 
Arctic (polar) 
desert 


Division in 
Canada 
(Ecoregions 
WG, 1989) 


Subarctic 
Low Arctic 


Middle Arctic 


High Arctic 
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3.2. Organic matter accumulation 

Subantarctic Forest and Subantarctic Tundra are enriched with organic matter, as 
are soils with vegetative cover in the Antarctic Polar Desert. Imperfectly drained 
Histosols and Gleysols show 20 to more than 80 kg per m^ in the Subantarctic 
Tundra and 5 to more than 20 kg in the Polar Desert (Beyer et al., 1998a; Beyer , 
2000). Well drained Cambisols and Podzols of the Tundra as well as Gelic 
Podzols and Cryosols of the Polar Desert also can have higher amounts (Beyer et 
al., 1998b). 




Figure 2.1.2. Soil zones of the Arctic. HAB - High Arctic barren, MAT - Mid Arctic 
tundra, LAST - Low Arctic and Subarctic tundra. Dotted areas are the territories, where 
local arid features (“pedotopes”) mostly are developed. 
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Figure 2.1.3. Changes in pedogenic processes in mineral soils along a latitudinal transect 
in the Southern Circumpolar Region (after Bockheim and Ugolini, 1990; changed and 
widened by Blume et al., 1997). 



Table 2.1 Jl. Research sites and observed soils in the Southern Circumpolar Region (Blume et al., 1997; Bockheim, 1997; Kuhn, 1997; Beyer et al., 
1999. Pedological zones after Bockheim and Ugolini, 1990. Soil classification after WRB, 1998). 
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Only soils without any vegetative cover and a short time without snow cover 
show low amounts of 1 to 2 kg in the Polar Desert, produced by snow and soil 
algae, and not more than 0.5 kg in the Cold Desert (Blume et al., 1997). This is the 
case because in cool climates the biomass production is absolutely low but is 
higher than the decomposing biological activity in the soils themselves; and, as 
organic matter is translocated from topsoil to subsoil by cryoturbation in loamy 
soils and podzolization in sandy soils, it is protected from decomposition directly 
above the permafrost. In addition, in many cases, penguins and other birds and 
animals translocated biomass from the sea to the soil (Blume et al., 1996; Beyer et 
al. , 2000). 



3.3. Acidification, chemical weathering, and rubification 

Many soils from carbonate free parent material of the Tundra and the Polar Desert 
not only strongly are weathered by frost but also are acidified (pH KCl values 
lower than 5 to 4) and slightly chemical weathered (Beyer et al. , 2000). Clay 
minerals and sesquioxides also formed. Soils from basalt, schist, and basic gneiss 
therefore have a loamy texture (Figure 3, Blume et al., 1997). 

But the soils of the Cold Desert are neutral to alkaline, are chemically 
unweathered, and therefore have a sandy texture (Bockheim, 1997). Many subsoils 
are reddish brown, what Bockheim and Ugolini (1990) named “rubification.” 
Relatively high amounts of oxalate and pyrophosphate extractable iron (in relation 
to dithionite extractable) show that this results from a formation of ferrihydrite and 
organic iron compounds in soils of the Tundra and the Polar Desert (Blume et al., 
1997). In contrast, the red soils in the mountains of the Cold Desert seem to be 
relicts of a former warmer climate (Campbell and Claridge, 1987). 



3.4. Podzolization 

Some soils are podzolized, sandy to gravelly soils of the Polar Desert (Beyer and 
Bolter, 1999), as well as sandy and loamy soils of the Tundra (Blume et al., 1996). 
An albic E is very thin (1 to 2cm) or does not exist in many cases, but the B fits 
with the definition of a spodic horizon (Beyer et al., 1997; Beyer and Bolter, 
1999), and thin sections show coatings of translocated metalorganic complexes 
(Blume et al., 1996). 

Only podzolized soils of former penguin rookeries have a large albic E of 5 to 
10 cm in the Polar Desert (Beyer and Bolter, 2000). In relation to Podzols of 
Central Europe, the C/N value of the spodic horizon is low and the content of 
humates with high aromaticy is high (Beyer et al., 1997). 
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3.5. Salinization and carbonatization 

Most soils of the Cold Desert are enriched with airborne salts, due to xerous 
climatic conditions; chlorides dominate near the coast, and nitrates on old plateaus 
in the mountains (Campbell and Claridge, 1987; Bockheim, 1997). In the Polar 
Desert and the Tundra, recent penguin rookeries are enriched with some salts 
(Beyer and Bolter, 1999). Soils with secondary carbonates are rare in the Antarctic 
and restricted to the subxerous zone (Bockheim, 1997). 



3.6. Redoximorphism 

The subsoil of some loamy soils shows redoximorphic features in the form of 
mottles in the Tundra and also in the Polar Desert. Vivianite, which can exist only 
under reducing conditions, also occurs (Blume et al., 1997). In addition, peat 
accumulates in landscape positions of the Subantarctic Forest and Tundra and the 
Polar Desert, where well drained conditions can be expected in other parts of the 
world. A low evaporation of the precipitation, together with water stagnation, 
should be dominant reasons for these observations (Beyer et al., 1998c; Beyer and 
Bolter, 1999). 



3.7. Penguins 

Penguins form very special soils. Adelee penguins form their nests with 
translocated gravels and fill them each year with excrements of food from the sea 
as well as with sand and silt from the beach. Under these circumstances, 50- to 150- 
cm-thick gravelly soils can form in the Polar Desert and in the Tundra. Recent 
rookeries have extremely eutrophic soils with high nutrient contents, especially N 
and P (Kuhn, 1997). 

Formerly, penguin sites that were several thousands of years old became very 
acidic (perhaps influenced by a formation of nitric acid) and are enriched with Ca- 
and Fe-phosphates in the Polar Desert (Blume et al., 1997) and/or Al-phosphates 
in the Subpolar Desert and the Tundra (Myrcha and Tatur, 1991). Relatively large 
areas of the Tundra and the Polar Desert seem covered by current and abandoned 
penguin rookeries (also influenced by an uplift of more than 100 m during the last 
10000 years; Myrcha and Tatur, 1991). 

Soils with >2.0 of total P (or >0.20 of available P) are influenced by excrements 
of birds, in our opinion. We found that birds strongly influenced nearly all soils 
near Arctowski station. King George Islands, up to 75 m above sea level; only very 
young moraines didn’t show this influence (Kuhn, 1997). 
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4. Similarities and Differences between Soil Zones in the 
Arctic and Antarctic 

Tables 2.1.3 and 2.1.4 compare soil-forming factors, soil covers, soils, and some 
of their specific features. Table 2.1.3 uses our proposed names of Arctic zones. 
For the Antarctic (Table 2.1.4), the term “desert” remains only for the internal 
ice-free areas of the Antarctic - cold deserts. The subpolar and polar regions with 
humid climate are called “Low Antarctic and Mid Antarctic barrens,” for the same 
reasons as for the Arctic 

Table 2.1.4 shows that the cold deserts of Antarctica are very specific. They 
differ from other Arctic and Antarctic zones in their extra arid climatic conditions 
and the absence of liquid water, negative mean summer temperatures, much 
greater age (to 10^ years), very poor and primitive plant cover, set of soils with 
saline features and high pH values, and very low organic matter content. Soil 
processes also distinguish cold deserts from other polar landscapes (Figures 2.1.1 
and 2.1.3). 

All the other zones of two high-latitude regions have both common and specific 
features. Antarctic zones differ from their northern analogues in their warmer 
winter and much colder summer and higher precipitation. The substrates are also 
different in the Arctic and Antarctic; they contain more fine earth and are more 
calcareous in the northern hemisphere. The land-ocean ratio differs, too, with very 
small islands and no large archipelagos in the Subantarctic and a very sharp 
transition to ice on the Antarctic continent. 

These climatic and geogenic differences lead to clear vegetative and soil cover 
differences. They are much richer and continuous in the Arctic. The colder winter 
and looser parent material increase the role of permafrost and the proportion of 
Cryosols in the northern hemisphere. The paradox is that, in spite of such 
differences in soil-forming factors, the sets of soils in the Arctic and Antarctic, 
except in the cold deserts, are almost the same (see Tables 2.1.3 and 2.1.4). 

That sameness could be because: 

1 . the coldness of the climate results mainly in discontinuity of soil cover but not 
in the set of soils; soil processes converge in very cold but humid regions 

2. in critical conditions, life forms organize and concentrate in local shelters, and 
therefore here the same soil-forming processes occur as in warmer conditions 

3. birds’ input of sea organic matter can compensate to some extent for the 
climate-induced low productivity of terrestrial biota and thus results in the same 
set of soils. 
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Table 2.1.3. Some characteristics of soil-forming factors and soils of the Arctic, 


Soil Zone 


Arctic 

Low and Subarctic Mid- Arctic Tundra 

Tundra 


High Arctic 
barren 


Cold month 
temperature 


-10-33 


-14-32 


-16-40 


Warm month 
temperature 


+11+13 


+5+10 


+1+5 


Precipitation, mm 


300-700 


200-400 


100-350 


Relative humidity in 
summer, %% 


70-90 


70-90 


70-90 


Presence of liquid 
water 


yes 


yes 


yes 


Age of surface, yrs 


n*10^ 


n*10^ 


n*10^ 


Main substrates 


loose non-marine 


loose and stony 


loose marine, stony 
terrigenic 


Vegetation 


shrubs, dwarf shrubs, 
herbs, mosses 


dwarf- shrubs, herbs, 
mosses 


lichens, mosses, 
herbs 


Soil cover 


continuous 


discontinuous 


Sporadic 


Main soils 


Histic, Gelic Gleysols, 
Podzols, Gelic 
Albeluvisols, Dystric, 
Gelic, Cryic Histosols; 
Turbic, Histic, 
Oxyaquic Cryosols, 
Gelic Cambisols 


Turbic, Histic, Spodic 
Cryosols, Podzol-like 
soils, Cryic Histosols 


Turbic, Lithic, 
Gleyic, Oxyaquic 
Cryosols, dwarf 
Podzol-like and 
Rendzina-like soils, 
(Film-like) soils 
under algae 


Humus content, % 


2-80 


2-70 


1-70 


Salinity 


low, rare 


low, rare 


Low-high, 

ephemeral 


Calcite presence 


rare 


rare 


locally 


pH in upper horizons 


4-6 


4-7 


4-9 




66 



Goryachkin et al. 



Table 2.1.4. Some characteristics of soil-forming factors and soils of the Antarctic. 


Soil Zone 


Subantarctic 

tundra 


Antarctic 
Low Antarctic 
barren 


Mid Antarctic 
barren 


Antarctic cold 
desert 


Cold month 
temperature 


+2 -7 


-7-11 


-15-19 


-29 -30 


Warm month 
temperature 


+ 2+9 


0+0.4 


-1 +0.3 


-6. -0.8 


Precipitation, 

mm 


900-1400 


400510 


180-630 


<40 


Relative 
humidity in 
summer, %% 


70-90 


75-90 


65-85 


45-80 


Presence of 
liquid water 


yes 


yes 


yes 


Almost no 


Age of surface, 
yrs 


n*10’ 


n*10'-n*10^ 


n*10‘-n*10^ 


n*10^- n*10* 


Main 

substrates 


moraines 

schists, 

sandstones 


volc.+ metam. 
rock, moraine 


gneiss, schist, 
moraine 


Stony, granite 


Vegetation 


herbs, mosses, 
dwarf shrubs 


lichens, mosses, 
herbs (rare) 


lichens, mosses, 
algae 


Lichens (rare), 
algae 


Soil cover 


continuous to 
discont. 


sporadic to 
discont. 


Sporadic 


sporadic 


Main soils 


Gelic Histosols 
Dystric 
Histosols 
Stagni-cambic 
Podzols Dystric 
Regosols Haplic 
Arenosols 
(Omitosols) 


Gelic Histosols 
Gelic Podzols 
Gelic Umbrisols 
Leptic, Turbic 
Lithic, Andie, 
Stagnic Histic, 
Leptic, Cryosols 
(Omithosols) 


Gelic Histosols 
Gelic Fluvisols 
Histic, Lithic 
Gelic Podzols, 
Mollic, Lfmbric, 
Turbic, Gleyic, 
Stagnic Cryosols 
(Omithosols) 


Aridi gelic 
Solonchak Lithic 
Cryosol Aridi Salic 
Cryosol Calcisalic 
Cryosol Saliturbic 
Cryosol Eutriturbic 
Cryosol 


Humus 
content, % 


2-70(4-64)‘> 


2-80(l-45)'> 


0.4-60(.5-45)'> 


.002-.24(.003-.7)‘> 


Salinity 


low, rare 


Low, rare 


Low, rare 


high, permanent 


Calcite 

presence 


rare 


Rare 


rare 


everywhere 


pH in upper 
horizons 


3-7 


3-7 


4-7 


7-10 



^ ^carbon store in kg/m^ 
^^mainly bird rookery 



In any case, the sequence of soil zones, “tundra - subpolar desert - polar desert 
- cold desert,” is not the common model for high latitude soil covers in both 
hemispheres. The cold desert of the Antarctic is a very dry landscape which 
radically differs from other polar landscapes. Subpolar and polar soil landscapes of 
the Arctic and Antarctic are not the same; they have essential differences, 
especially in discontinuity of soil covers. The Antarctic soil systems of humid 
sectors are much more connected to sea ecosystems than are their Arctic 
“analogs.” 
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5. Conclusions 

In high latitudes of both hemispheres, geogenic factors strongly control soil 
distribution. In the Arctic, they transform the macroclimate (principally humid), 
and local “arid” phenomena may occur in soil landscapes. 

All the soil processes, from podzolization to salinization, can be distinguished 
qualitatively in every region of the Arctic and in the noncontinental Antarctic. 

The continental cold desert of the Antarctic is a very dry landscape which 
radically differs from other polar soil landscapes in its set of soils and soil 
processes. 

We propose three soil zones for the Arctic: 

1 . Low Arctic and Subarctic tundra 

2. Mid Arctic tundra 

3. High Arctic barren. 

We propose four soil zones for the Antarctic: 

1 . Subantarctic tundra 

2. Low Antarctic barren 

3. Mid Antarctic polar barren 

4. Antarctic cold desert. 

Soil landscapes of the Arctic and Antarctic resemble each other in that the same 
set of soils and soil processes occur, except in the cold desert of the Antarctic. 
They differ in the more discontinuous and less permafrost-affected soil cover of 
the coastal Antarctic and the strong influence of sea birds on it. 
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1. Introduction 

Permafrost, or perennially frozen ground, covers 9xl0^km^ or 55% of the land- 
mass of Alaska. The continuous zone of permafrost encompasses the physi- 
ographic subdivisions of the Arctic Coastal Plain, the Arctic Foothills, the north- 
ern Norton Sound Highlands, and the Brooks Range. The zone of discontinuous 
permafrost encompasses the physiographic subdivisions of the Interior Alaska 
Lowlands, the Interior Alaska Highlands, the Alaska Range, the Copper River 
Plateau, the Kuskokwin Highlands, the southern Norton Sound Highlands, and the 
Western Alaska Coastal Plains and Deltas (Wahrhaftg, 1965; Pewe, 1975) (see 
Figure 2.2.1). 

The term Cryosol is used in this paper synonymously with perennially frozen 
or permafrost-affected soils. In the US soil classification system. Soil Taxonomy 
(Soil Survey Staff, 1999), Cryosols or permafrost-affected soils key out at the 
Gelisol Order. Gelisols are defined as soils having permafrost within 100 cm of 
the soil surface or having gelic materials within 200 cm of the soil surface. Gelic 
materials are defined as mineral or organic soil materials that show evidence of 
cryoturbation and/or ice segregation in the active layer and/or the upper part of the 
upper permafrost (Bockheim et al., 1997). 
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Figure 2.2.1. Distribution of Permafrost and Physiographic Regions with Permafrost in 
Alaska. 



2. Cryosols in the Zone of Continuous Permafrost 

2.1. Arctic Coastal Plain 

2.1.1. Physical environment 

This treeless area is characterized by multiple thaw lakes, many of them elongated 
in a north-northwesterly direction perpendicular to the prevailing winds. As much 
as 40 to 50% of the surface area is water. Low terraces, broad shallow depres- 
sions, and flood plains are typical of the landscape. Periglacial features appear, in- 
cluding frost polygons, hummocks, frost boils, and pingos. Thick permafrost 
(>600 m) underlies the entire area (Pewe, 1975). The drainage is poor or very 
poor. The dominant vegetation includes sedges (Carex aquatilis), cottongrass 
(Eriophorum angustifolium), and mosses (Drepanocladus spp. and Scorpidium 
scorpoides) (Walker, 1999). 



2.1.2. Climate 

The climate of the area varies with distance from the Arctic Ocean and elevation. 
In the Arctic Coastal Plain, the mean annual air temperature (MAAT) ranges from 
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-12,8® to -10.3^C, and mean annual precipitation (MAP) ranges from 12.5 to 14.2 
cm, with 50% as snow (Haugen, 1982). The mean annual soil temperature 
(MAST) at 50 cm estimated from the temperatures of permafrost ranges from -T 
to -9®C (Osterkamp and Romanovsky, 1996). The annual sum of growing degree 
days (GDD) (based on temperature of >0®C) measured at Franklin Bluff, at the 
southern Arctic Coastal Plain, is 121® days (L.D. Hinzman, unpublished data). 

2.1.3. Soils 

Two different soils are associated with low-center polygons on the coastal plain. 
The centers of the polygons are flat and poorly to very poorly drained, with water 
near or at the surface during most of the growing season. The dominant soils in 
the center of low-centered polygons and thaw lake basins are Typic Historthels 
(Hoefle et al., 1998; Ping et al., 1998). Table 2.2.1 provides a comparison among 
US Soil Taxonomy (Soil Survey Staff, 1999), the World Reference Base (FAO, 
1998), and the Canadian System of Soil Classification (Soil Classification Work- 
ing Group, 1998). 

Typic Historthels consist of stratified peat and loamy sediments over medium- 
grained alluvium or lacustrine sediment that are gleyed with grayish colors (2.5Y 
5/2, 2.5/2, and 5Y 2.5/1). The surface organic layer is generally 15 to 30 cm thick, 
with minimal cryoturbation. The active layer is about 35 cm thick, and the upper 
permafrost is ice-rich with thick ice lenses. The polygon rims are 20 to 40 cm 
above the polygon center. The soils on the polygon rim generally consist of 15 to 
20 cm of organic material over 20 to 30 cm of an A horizon over a gleyed Bg ho- 
rizon. The permafrost table is at 45 to 50 cm depth, and the upper permafrost (Cf) 
contains over 60% ice by volume. 

Soil horizons in the polygon rim show a convex pattern, following the surface 
relief of the rim; thus the soils are cryoturbated and are classified as Aquic Molli- 
turbels or Typic Histoturbels. Soils in the trough between polygons are very 
poorly drained and are characterized by 35 to 40 cm of organic material over an 
ice wedge. These soils are classified as Hemic Glacistels. Typic Aquorthels and 
Sulfuric Aquorthels occur along the river deltas and coastal estuaries (Ping, un- 
published data). 

Low-center polygons are common on the younger part of the Arctic Coastal 
Plain, whereas flat and high-centered polygons dominate the older part of this 
thaw-lake landscape. On flat-centered polygons, the soils are saturated through- 
out, during most of the growing season. Near the edge of the polygons, the or- 
ganic layer is greater than 40 cm thick and overlays cryoturbated alluvium or 
lacustrine sediments with ice wedges. Thus, the soils are organic soils and are 
classified as Hemic Glacistels. 

In the center of the polygons, the organic layer is sometimes thinner than 40 cm 
thick over mineral sediments, and the soils are classified as Typic Historthels; oth- 
erwise they are Histels (Soil Survey Staff, 1999) or Organic Cryosols (Soil 
Classification Working Group, 1998). On the better drained high-centered poly- 
gons are well developed “A” horizons. The subsoils show evidence of moderate 
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cryoturbation, as manifested by broken and warped horizons. The permafrost table 
occurs at 45 to 50 cm, with organic matter frost-churned into the frozen “C” hori- 
zon; the “C” material is ice-rich, with about 60% ice by volume. These soils are 
either Aquic Molliturbels (Bockheim et al., 1998) or Ruptic-Histic Aquiturbels. 

Soils formed in the Arctic Coastal Plain have reactions ranging from acidic to 
calcareous. Acidic soils in the Colville Delta formed in recently deposited allu- 
vium on terraces (Jorgenson et al, 1996), and nonacidic soils are common on the 
broad alluvial fans (Ping et al., 1998). Soils on flood plains of major rivers 
throughout the coastal plains formed in carbonate rich parent materials, and marl 



Table 2.2.1. A comparison of three approaches to classifying common soils in Alaska 
(subgroups). 



US Soil Taxonomy World Reference Base 

(Soil Survey Staff, 1999) (FAO, 1998) 



Aquic Haplorthels Haplic Gleyic Cryosols 

Aquic Haploturbels Gleyic Turbic Cryosols 



Aquic Molliturbels Gleyic Turbic Cryosols 

Glacic Fibristels Gelic Glacic Histosols 



Canadian System of Soil Clas- 
sification (Soil Classification 
(Working Group, 1998) 

Regosolic Static Cryosols 
Gleysolic Turbic Cryosols 
Orthic Eutric Turbic Cryosols 
Orthic Dystric Turbic Cryosols 
Brunisolic Eutric Turbic 
Cryosols 

Brunisolic Dystic Turbic 
Cryosols 

Gleysolic Turbic Cryosols 
Fibric Organic Cryosols 



Glacic Hemistels 
Hemic Glacistels 
Humic Eutrocryepts 
Ruptic-Histic Aquiturbels 

Sulfuric Aquorthels 
Typic Aquiturbels 



Typic Aquorthels 
Typic Dystrocryepts 
Typic Eutrocryepts 
Typic Fibristels 
Typic Haplocryolls 
Typic Haploturbels 
Typic Historthels 
Typic Histoturbels 



Gelic Glacic Histosols 
Gelic Glacic Histosols 
Mollic Cambisols 

Turbic Histic Cryosols 
Thionic Gleyic Cryosols 
Gleyic Turbic Cryosols 



Haplic Gleyic Cryosols 
Dystric Cambisols 
Eutric Cambisols 
Fibric Gelic Histosols 
Haplic Chernozems 
Haplic Turbic Cryosols 
Histic Cryosols 
Turbic Histic Cryosols 



Mesic Organic Cryosols 
Mesic Organic Cryosols 
Orthic Sombric Brunisols 

Gleysolic Turbic Cryosols 
Gleysolic Static Cryosols 
Brunisolic Turbic Cryosols 
Dystric Turbic Cryosols 
Eutric Turbic Cryosols 
Gleysolic Turbic Cryosols 
Orthic Turbic Cryosols 
Gleysolic Static Cryosols 
Orthic Dystric Brunisols 
Orthic Eutric Brunisols 
Fibric Organic Cryosols 
Orthic Melanie Brunisols 
Orthic Turbic Cryosols 
Gleysolic Static Cryosol 
Histic Eutric Turbic Cryosols 
Histic Dystric Turbic Cryosols 
Gleysolic Turbic Cryosols 
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commonly appears on the soil surface and as heavy coatings on vegetative parts 
below the water table and rock fragments (Ping et al, 1998). 



2.2. Arctic Foothills and northern Norton Sound Highlands 

2.2.1. Physical environment 

The Arctic Foothills includes an area along the northern foot slopes of the Brooks 
Range and the northern Norton Sound Highlands that encompasses the northern 
part of the Seward Peninsula. These physiographic regions include broad sloping 
valleys separated by moderately steep to steep ridges, hills, and knolls. Elevations 
range from sea level to about 900 m, and these areas are within the zone of con- 
tinuous permafrost. 

There are two main types of vegetation in the region, moist nonacidic tundra 
and moist acidic tundra. Mixed dwarf shrub-sedge (Dryas integrifolia, Salix re- 
ticulata, Carex biglowii, and Tomentypnum nitens) dominates the former, and 
mixed cottongrass-shrub (Eriophorum vaginatum, Betula nana, Salix pulchra, and 
Hylocomium splendens) dominates the latter (Swanson et al., 1985; Walker, 
1999). 

The dominant parent material in valleys and on long foot slopes is loamy col- 
luvium. On hills and ridges, parent materials include gravelly colluvium and re- 
siduum weathered from sedimentary rocks. Glaciated hills and plains of early to 
mid Pleistocene times (Anaktuvik and Sagavanirktok ages) are common else- 
where (Hamilton, 1987) and often are mantled with loess deposits a meter or more 
thick. 

2.2.2. Climate 

The mean annual air temperature (MAAT) of the Arctic Foothills is 2° to 4®C 
warmer than that of the Coastal Plain, due to the greater distance from the ocean 
(Zhang et al., 1996). The mean annual soil temperature (MAST) ranges from -4® 
to -7®C, and the mean annual precipitation (MAP) ranges from 14 to 27 cm, with 
40% falling as snow (Haugen, 1982). The winter temperatures are higher in the 
southern portion of the Arctic Foothills because of atmospheric temperature inver- 
sions. 

The growing degree-days (GDD) in this region range from 760'' to 1125" days. 
Temperature-vegetation gradients on the Arctic Coastal Plain and the Foothills in- 
dicate that GDD accumulations linearly relate to the distance from the ocean. In 
general, MAP and diurnal temperature variations increase southward with dis- 
tance from the coast. 
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2.2.3. Soils of the Arctic Foothills and northern Norton Sound Highlands 

The Sagwon Hills encompass a major part of the Arctic Foothills. This landscape 
consists of hills dissected into Tertiary age gravelly outwash deposits of mixed 
mineralogy and blanketed with loess (Hamilton, 1987). Along the northern edge 
of this hilly upland, the vegetation is dominantly nonacidic tundra (Bockheim et 
al., 1998) characterized by dwarf shrub (Dryas spp. and Lupinus spp.), in addition 
to other tundra types. Low, flat polygons about 40 to 100 cm across, with 15% 
bare soil in mudboils or frost scars, characterize the microrelief. 

The soils associated with dwarf shrub vegetative types are strongly cryotur- 
bated, as warped and broken soil horizons indicate throughout the entire profile. 
Under a discontinuous organic layer, portions of the profile have a high chroma 
color, indicating oxidation of iron minerals, while adjacent zones are gleyed. 

The dominant soils are Aquic Molliturbels and Ruptic-Histic Aquiturbels (Ping 
et al., 1998). The former have an active layer more than 50 cm deep, and the later 
are interspersed with acidic tundra soils. Cryoturbated organic matter or humus 
scatters tWughout the mineral horizons, and a second concentration of organic 
matter occurs directly above the permafrost table, at about 60 cm. This suggests 
the frost churning of humus and sequestration of carbon into the permafrost (Ping 
et al., 1997). 

Soil structure is massive in the upper part of the active layer in mudboils and 
between tussocks, due to the constant wetness. Elsewhere, a strongly developed 
platy structure is common in the active layers of upland soils, as a result of lower 
relative wetness and higher exposure to annual freeze and thaw cycles. In the 
lower portion of the active layer above the permafrost table, the structure is reticu- 
lar, as the result of vertical and horizontal vein-ice formation, due to frost cracks 
caused by freeze-back from the permafrost table in the fall (Zhestkova, 1982). The 
upper 30 to 40 cm of permafrost is very ice-rich, and soil aggregates appear sus- 
pended in ice; this has been identified as an “ataxitic” cryogenic fabric (Casanova, 
1963). 

The ataxitic fabric forms (1) from freeze-back of the active layer from below, 
with the rise of the permafrost table due to vegetative succession and the forma- 
tion of the O horizon (Shur, 1988) and (2) from gradual movement of water into 
the upper permafrost. The resulting structures of the thawed soil provide channels 
for soil water after the permafrost thaws; thus, biogeochemical weathering, mainly 
reduction-oxidation, can penetrate into the upper permafrost layer when it peri- 
odically thaws. 

On similar landforms and loess parent materials farther to the south, the vegeta- 
tion changes to acidic tundra. The region has patterned ground, with occasional 
frost boils and acidic tussock tundra. Soils associated with this land cover have a 
thick, but discontinuous, organic horizon commonly ranging from 15 to 30 cm. 
Cryoturbation is more pronounced than in the nonacidic soils. The permafrost ta- 
ble occurs at 45 to 50 cm, and cryoturbation has enriched the upper 20 cm with 
well humified organic matter. These soils are dominantly Ruptic-Histic Aquitur- 
bels. In the acidic tundra there is better moss growth, hence a thicker organic hori- 




S. 2 Ch. 2 Cryosols in Alaska 



77 



zon. In both soils, the upper permafrost layers have an ataxitic fabric, with ice 
content generally 60% or more by volume. 

Soil texture suggests a uniform parent material for soils in the northern Arctic 
Foothills. The predominantly silt loam textures in both acidic and nonacidic tun- 
dra suggest a common source, loess. In general, the acidic tundra occurred to the 
south of the nonacidic tundra and the differentiation of the soil acidity was attrib- 
uted to snow depth (Walker et al., 1998) and weathering (Ping et al., 1998). 

The silt content in these soils ranges from 60 to 70% but is slightly higher in 
the nonacidic tundra because it is closer to the Sagavanirktok River (Walker and 
Everett, 1991). However, in the northern Norton Sound Highlands, the parent ma- 
terial is colluvium rather than loess (Reiger et al., 1979). Pebbles and gravel occur 
throughout the lower profile, but their position suggests that frost heave moved 
them upward in the soil profile. Sorted circles are common in areas of nonacidic 
tundra. 

2.2.4. Soils of the southern Arctic Foothills 

Glaciated rolling hills make up a large portion of the southern part of this region. 
The drift is Middle or Late Wisconsin in age (Hamilton, 1987) and contains 
coarse fragments from pebbles to boulders in size. Soil texture changes from silt 
loam or silty clay loam in the northern part of the area to sandy loam in the south- 
ern part, with an associated increase in coarse fragments. Soils of the moist acidic 
tundra in the southern Arctic Foothills have more strongly oxidized colors (higher 
chroma), i.e., are redder, indicating longer periods of oxidation than equivalent 
soils in the northern foothills. 

Discontinuous surface organic horizons are common in the southern foothills, 
due to cryoturbation under tussock tundra and dwarf shrub. In addition, organic 
matter is frost-churned into the underlying mineral soil horizons and commonly 
concentrates in the upper permafrost. Interspersed within large areas of acidic 
tundra are small areas of nonacidic soils formed in calcareous drift and alluvium 
on till plains, fans, and alluvial basins (Ping, unpublished data). 

Soils in the southern foothills have similar cryogenic structures as soils in the 
northern foothills, including ice lenses, reticular and blocky structures in the lower 
portions of the active layer, and ataxitic fabric in the upper permafrost. However, 
the layers with ataxitic fabric are generally thinner, ranging from 20 to 30 cm. This 
indicates a variety of causes: less fluctuation of permafrost tables occurs in the 
southern portion of the foothills, possibly due to thicker snow cover and better in- 
sulation; drier conditions result from the landscape position; or less time has gone 
by for soil development. 

The dominant soils associated with tussock tundra and shrub tundra are Ruptic- 
Histic Aquiturbels. Histic Aquorthels are found along waterways. Glacic Fibristels 
and Glacic Hemistels are common in valley bottoms and depressions. Ridge tops 
and windswept valleys are exposed to a more severe climate and commonly con- 
tain mudboils. Typic Aquiturbels and Typic Haploturbels are common to these ar- 
eas (Ping et al., 1998). 
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3. Cryosols in the Zone of Discontinuous Permafrost 

3.1 . Western Alaska 

3.1.1. Physical environment 

Western Alaska includes the Western Alaska Coastal Plains and Deltas, the south- 
ern part of the Norton Sound Highlands, and the southern part of the Kuskokwim 
Highlands physiographic regions (Figure 2.2.1). The Western Alaska Coastal 
Plains and Deltas are along the western Alaskan coast, north of the Alaska Penin- 
sula, and south of the Seward Peninsula. They include deltas of the Yukon and 
Kuskokwim rivers and coastal plains and deltas along the north side of the Alaska 
Peninsula. The area is below 50 m elevation, of low relief with irregular micro- 
relief, and has many lakes and ponds connected by a maze of waterways. It sup- 
ports shrub and sedge tundra, alder and willow shrub, and, in a few places along 
streams, stunted spruce (Picea glauca) and paper birch (Betula paperiferd) forest. 

The southern Norton Sound Highlands is along the southern part of the Seward 
Peninsula and extends south along Norton Sound to the northern and eastern edge 
of the Yukon-Kuskokwim Delta. Elevation ranges from sea level to 900 m, with a 
few peaks as high as 1200 m. The area consists of steeply sloping hills and low 
mountains. Bedrock types include schist, dolomite, graywacke, mudstone, and 
sandstone (Beikman, 1980). Most of the area supports shrub and sedge tundra, 
with minor areas of spruce forests along lower slopes of inland valleys. Detailed 
soil information is generally unavailable for these physiographic regions. General 
soil descriptions here are based on information from Rieger et al. (1979). 

3.1.2. Climate 

The climate within these physiographic regions is influenced by the Bering Sea to 
the west. Cooler summer temperatures and the predominance of tundra vegetation 
are features that help distinguishes Western Alaska from Interior Alaska. Mean 
summer temperatures are significantly lower, 11.7 °C at Bethel, compared to 
15.2°C for Fairbanks. Average annual temperatures range from -4°C in the north 
to more than 0°C in the south. Average annual precipitation ranges from 25 to 5 
cm (Soil Conservation Service, 1981). 

3. 1.3. Soils of Western Alaska Coastal Plains and Deltas 

The landscape is nearly level coastal plains and deltas, interspersed with small 
lakes and river channels. Soil occur in a complex pattern, depending on local 
drainage. Typic Fibristels are in meander scars and broad depressions and along 
the margins of shallow lakes with sedge (Eriophorum spp.) tussock or shrub tun- 
dra. Intermixed on micro-highs are Typic Historthels and Typic Histurbels, 
formed in nonacidic sandy and silty alluvium with shrub tundra. Ice-cored 
mounds, or pingos, occur in some areas (modified from Rieger et al., 1979). 
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3.1.4. Soils of the southern Norton Sound and southern Kuskokwim 
Highlands 

Landforms include rolling to steep mountains and glaciated plains. Soil parent 
materials include glacial drift, as well as colluvium from argillite, shale, gray- 
wacke, sandstone, quartzite, conglomerate, and tuff (Beikman, 1980). In the Kus- 
kokwim portion, parent materials are mantled with a silty mantle consisting of 
loess and volcanic ash. Steep high mountains with alpine shrub vegetation gener- 
ally lack permafrost, and common soils are Typic Humicryepts and Typic Cry- 
orthents. 

More gently sloping mountains and plains have a complex array of soils with 
and without permafrost. Coarsely textured soils formed in silty volcanic ash over 
sandy and gravelly outwash, are generally free of shallow permafrost, are strongly 
acidic, and have bog birch (Betula glandulosa) shrub vegetation. These are classi- 
fied as Typic and Andie Haplocryods. Adjoining broad valleys have soils formed 
in loamy and gravelly substratum and often are poorly drained with shallow per- 
mafrost. These soils have tussock or shrub tundra vegetation and are classified as 
Aquic Haploturbels and Typic Histurbels. 



3.2. Interior Alaska 

3.2. 1. Physical environment 

Interior Alaska lies between the Alaska Range on the south and the Brooks 
Ranges on the north, and between the Canadian Border on the east and the first 
occurrence of lowland tundra in the west (Figure 2.2.1). Interior Alaska consists 
of several broad, nearly level lowlands, with elevations mostly below 500 m, and 
rounded mountains with elevations up to about 2000 m asl (Wahrhaftig, 1965). 
Steep mountainous areas, though not extensive, occupy the southwestern part. The 
region conveniently divides into these three physiographic regions for discussion 
of its soils (Soil Conservation Service, 1981). 

Soil morphological studies are few and far between in Interior Alaska, with 
most work concentrated near Fairbanks. Information here without citation comes 
from unpublished Natural Resources Conservation Service soil survey data and 
Rieger, et al. (1979). 

3.2.2. Climate 

This region has discontinuous permafrost (Brown et al., 1997). Mean annual soil 
temperatures at the top of the permafrost as low as -3.5®C have been recorded at 
valley-bottom stations, although most soils with permafrost have mean annual 
temperatures between -2®C and 0®C (Brown et al., 1997; Osterkamp and Ro- 
manovsky, 1999). Vegetation is dominantly boreal forest, with tundra at higher 
elevations; tree line occurs at about 900 m elevation over much of the region. Cli- 
mate is continental, with mean temperatures at valley bottom stations ranging 
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from 15 to 17”C in July, from -23 to -28®C in January, and -2.5 to -6®C annually 
(Owenby and Ezell, 1992). 

Mean annual precipitation at valley bottom stations typically ranges from about 
23 to 34 cm per year (Owenby and Ezel, 1992) but ranges as low as 17 cm per 
year in the most continental basin, Yukon Flats (National Climatic Data Center, 
2000). While precipitation totals are low, the abundant surface water and pre- 
dominance of acidic soils over most of the area indicate an excess of annual pre- 
cipitation over evapotranspiration. Data from higher elevations are sparse, but 
they indicate warmer winters, cooler summers, and higher precipitation than at 
valley bottom stations. 

3.2.3. Soils of the Interior Alaskan Lowlands 

Soils with permafrost dominate the wet, nearly level lowlands of Interior Alaska. 
The parent material in these lowlands is mostly alluvium or loess over alluvium, 
with thick eolian sand or silt or glacial deposits in some areas (Pewe, 1975). 

On active floodplains there is typically a sequence from well drained, perma- 
frost-free soils on the most frequently flooded surfaces near the river, to progres- 
sively colder, wetter soils with permafrost on higher and less frequently flooded 
surfaces; surface organic horizons thicken along this same sequence (Pewe, 1948; 
Viereck, 1970; Viereck et al., 1983; Viereck et al., 1993). This perhaps counter- 
intuitive toposequence (i.e., wettest soils at the highest positions) results from the 
greater age and different vegetation of the higher surfaces, both of which facilitate 
accumulation of a surface organic layer, cooling of the soil, formation of perma- 
frost, and wetness due to perching of water on the permafrost. 

Vegetation on the most frequently flooded, youngest surfaces without perma- 
frost is typically deciduous shrubs (Salix spp.) or trees {Populus balsamifera). 
Older and less frequently flooded surfaces with permafrost often have forest of 
white or black spruce (Picea glauca or Picea mariana) on Aquic Haplorthels or 
Typic Aquorthels. The oldest and least frequently flooded surfaces typically have 
very sparse black spruce with low shrubs, sedges, and moss on Typic Histotur- 
bels. Thermokarst is common on these older surfaces (Pewe, 1948), although pat- 
terned ground is not prominent, other than organic microtopography composed of 
tussocks and small peat mounds. 

Organic soils (i.e., Histels [US], Organic Cryosols [Canadian]) form in nearly 
level surfaces with rare or no flooding and finely grained mineral substratum (silty 
alluvium or loess) in Interior Alaskan lowlands. The degree of thickness and de- 
composition of the peat vary greatly. 

The most common peatland morphologic type is the peat plateau (Zoltai, 1972; 
Zoltai and Tamocai, 1975). The plateaus consist of a nearly level surface, with ac- 
tive layers of about 0.5 m, interrupted by occasional thermokarst pits. The soils of 
the plateau surface are extremely acidic in the active layer (typically with pH in 
water of about 4.0), and the vegetation consists of acid-tolerant black spruce, eri- 
caceous shrubs, mosses, and lichens. 
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Unlike most organic soils, these soils often have no water table, due to drainage 
of water into the thermokarst pits. Soils in the thermokarst pits are also organic 
but commonly have a water table near the surface and may lack permafrost en- 
tirely. Degrading peat plateaus in a few areas are less acidic and have been colo- 
nized by birch forest (Racine et al., 1998; Walters et al., 1998). 

Some parts of the Interior Alaskan lowlands consist of plains with very thick 
loess deposits that accumulated primarily during the Pleistocene (Pewe, 1975). 
The topography is gently rolling, due to thermokarsting of sediments with tre- 
mendous quantities of ground ice. These soils typically have a thick surface or- 
ganic horizon, mineral soil material that is dull gray due to the reducing condition, 
and permafrost at about 0.5 m depth. Profiles are acidic, with pH values (in water) 
as low as 4 in the organic horizons and 5 to 7 in the mineral soil material. These 
soils classify mostly as Typic Aquiturbels and Typic Histoturbels. Permafrost is 
typically ice-rich, and thermokarst is widespread. Distinct thermokarst depres- 
sions contain a wide variety of wet soils that mostly lack permafrost, while nearly 
level low areas have peat plateau soils as just described. 

Some nonflooded terraces with coarsely grained substrata in the Interior Alas- 
kan lowlands have soils that contain permafrost but are drier than the terraces’ 
soils just described (Schoephorster, 1973). They support black spruce forest on 
Aquic Haploturbels and Typic Aquiturbels. Unpublished NRCS data suggests that 
soils with less than about 0.5 m of loamy mantle over sand and gravel are unlikely 
to have permafrost, while soils with more than 0.5 m of loamy mantle usually 
have permafrost if an intact organic horizon and late-successional vegetative 
community is present (see below for more on the effects of disturbance on these 
soils). 

Portions of the Interior Alaskan Lowlands are covered with sand dunes or gla- 
cial moraines, the latter being extensive only near the Alaska and Brooks Ranges 
(Coulter et al., 1965). Soils with permafrost are present mostly in the depressions 
between dunes (Furbush et al., 1980) or between moraine ridges, and the taxa are 
mostly Typic Aquiturbels and Typic Histoturbels. 

3.2.4. Soils of the Interior Alaskan Highlands and 
northern Kuskokwim Highlands 

The Interior Alaskan Highlands and northern Kuskokwim Highlands consist of 
crystalline igneous and metamorphic rocks and non-calcareous sedimentary rocks 
(Beikman, 1980) and a loess cover that ranges from many meters thick near loess 
sources (primarily large braided glacial outwash rivers) to less than 0.5 m distant 
from loess sources (Pewe, 1975). Pleistocene glaciation was limited to a few high 
cirques (Coulter et al., 1965). 

The most widespread soils with permafrost occur on finely grained loess and 
colluvium on lower slopes in valleys. These soils resemble those in the loess low- 
lands described above (Dymess and Grigal, 1979; Swanson, 1996b). Permafrost is 
typically ice-rich, and thermokarst is widespread. Patterned ground generally is 
not strongly expressed, with earth hummocks the most common type. Large ice 
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wedges often are hidden beneath the surface and become apparent only after dis- 
turbance of the surface (Pewe, 1954; 1982). 

Vegetation consists of sparse, stunted black spruce (Picea mariana) trees with 
low shrubs, sedges, and moss (including Sphagnum spp. and others). Figure 2.2.2 
shows the soil-landscape relationship of the Interior Alaskan Highlands. 

Soils with permafrost also occur on sites that are warmer and drier than those 
just described, as a result of being higher on the slope or on a convex position, 
having south aspect, or having thinner finely grained surface mantle over bedrock. 
In such soils, surface organic layers are thinner, active layers are thicker, and soils 
are better drained, although still generally dull gray in color (Swanson, 1996b). 
Common classifications are Aquic Haploturbel and Typic Aquiturbel. 

Soils with permafrost also occur on steep, north-facing slopes (Krause et al., 
1959). These soils resemble those of the lowlands, in that they have a thick or- 
ganic surface layer, dully colored mineral soil, and permafrost at about a 0.5-m 
depth, but they differ by having bedrock within the first meter below the surface. 
These soils are striking because their vegetation closely resembles that of lowland 
black spruce wetlands, but they can occur on slopes in excess of 30®. 

Tundra soils occupy significant areas at higher elevations in the Interior Alas- 
kan Highlands and southern Kuskokwim Highlands, but they have received little 
attention beyond two studies in the foothills of the Brooks Range (Drew and 
Shanks, 1965; Ugolini et al., 1981). Unpublished NRCS data suggest that soils are 
mostly stoney with a loamy matrix; surface organic layers are thinner and active 
layers thicker than those of lowland soils with permafrost. Patterned ground is 
common, consisting primarily of sorted circles, nets, stripes, and nonsorted cir- 
cles. Reactions are mostly acidic, due to the mainly acidic nature of parent materi- 
als in this region. 

Soils with permafrost in Interior Alaska can change markedly in response to 
forest fires or other disturbance and post-fire plant succession. Active-layer thick- 
ness often increases greatly after fire, from about 0.5 m to 2 m or more (Dymess, 
1982; Viereck, 1982), soils become drier, and oxidation of previously reduced 
soils may occur. The soils that show the greatest change after fires are those at the 
warmest and driest end of the continuum of permafrost soils before the fire. 

For example, soils on terraces with 0.5 to 1.0 m of loamy material over gravel 
or soils on gentle sloping hill slopes at mid-slope, shoulder, or summit positions 
often thaw and dry markedly after fire, while soils with thick surface organic hori- 
zons in lowlands on thick silty deposits often thaw little after fire (Swanson, 
1996a). In some cases, retreat of the permafrost table below a 2-m depth after dis- 
turbance can cause the soil classification to change greatly, from Gelisol to Incep- 
tisol (US) or Cryosol to Brunisol (Canadian) (Ping, 1987). 





Figure 2.2.2. Soil-landscape diagram of the Interior Alaskan Highlands. Soils on 
steep, north-facing slopes (A) have a surface organic layer about 0.2 to 0.4 m 
thick; both permafrost and weathered bedrock occur within 1 m of the surface. 
Vegetation is sparse black spruce {Picea mariana) forest with moss ground cover. 
Soils in finely grained deposits on lower slopes and valley bottoms (B) have a sur- 
face organic layer generally 0.2 to 0.4 m thick and permafrost at 0.3 to 0.5 m 
deep. Vegetation is low shrubs, sedges, and moss with scattered black spruce. 
Soils on steep, south-facing slopes have thin surface organic layers and lack per- 
mafrost. Trees there are larger and may be white spruce {Picea glauca), birch 
(Betula papyrifera), or aspen {Populus tremuloides). 



4. Alaska Range 

4.1. Physical environment 

The Alaska Range includes a north-trending mountainous arc that extends from 
the Alaska Peninsula on the west to the border of Canada on the east (Figure 
2.2.1). Mountains consist of a variety of crystalline igneous, metamorphic, and 
sedimentary rocks (Beikman, 1980). The Alaska Range divides the Cook Inlet- 
Susitna Lowlands and Copper River Plateau regions to the south from the Interior 
Alaska and Western Alaska regions to the north and west. 





84 



Chien-Lu Ping et al. 



North of the crest of the Alaska Range, the glaciers were essentially alpine in 
character; they filled the mountain valleys and in places spread as piedmont lobes 
in adjoining lowlands. South of the crest, glaciers originating in the mountains 
filled adjoining lowland basins, such as the broad Susitna Valley (Pewe, 1975). 

A majority of the Alaska Range consists of alpine and sub-alpine shrub vegeta- 
tion at elevations above about 550 meters, with less extensive areas of boreal for- 
est below. 

4.2. Climate 

Along its western part, the Alaska Range divides the transitional maritime- 
continental climate to the south from the continental climate to the north. Along 
the eastern part, the climate is continental throughout. 

This mix of climates, in conjunction with high mountainous topography, results 
in diverse microclimates with variable patterns of wind, temperature, and precipi- 
tation. Permafrost is generally absent where the climate is transitional maritime- 
continental and has a discontinuous distribution where continental conditions pre- 
vail. This discussion pertains to that portion of the Alaska Range that lies within 
the continental climate zone and thus the zone of discontinuous permafrost. 

Long-term climatic data is available for the forested portion of the Alaska 
Range but is unavailable for the alpine zone. Mean annual air temperature at 
Denali Park Headquarters, located in the upper limit of the boreal forest zone, is - 
3.0°C with mean winter and summer air temperatures of -16.4°C and 1 1.3°C, re- 
spectively (National Climatic Data Center, 2000). 



4.3. Soils of the Central Alaska Range 

The core of the Alaska Range includes steep, rocky mountains, with elevation 
ranging from 900 to 6100 m asl. Slopes above about 1300 meters elevation are 
mostly barren, with scattered small islands of dwarf willow {Salix reticulata and 
arctica) and dryas {Dryas spp.) shrub. Below this is an assemblage of alpine and 
subalpine vegetation, including dwarf willow and dryas shrub, mixed ericaceous- 
bog birch (Betula glandulosa) shrub, and alder (Alnus spp.) shrub, interspersed 
with areas of barren rock and talus. 

Lithology is diverse, with schist, shale, conglomerate, and diorite (Beikman, 
1980) the major rock types and colluvium the dominant soil parent material. 
Based on initial soil survey information for Denali Park and Preserve and Delta 
River Areas (Clark and Duffy, in press) within the continental climate portions of 
this section, permafrost is of minor extent and limited primarily to the lower 
slopes. 

A majority of soils lack shallow permafrost and are classified as Typic Dystro- 
cryepts and Typic Eutrocryepts, Humic Eutrocryepts, and Typic Haplocryolls. 
These soils are devoid of surface organic mats and have gravelly surface textures 
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and are well drained, and permafrost is absent within two meters of the surface. 
Though shallow permafrost is absent, mean annual soil temperatures (MAST) are 
below 0°C, and minimum winter soil temperatures are generally below -4°C. Sea- 
sonal soil temperature extremes measured in typical soils of the region ranged 
from maximums of about 9°C during summer to minimums of about -19°C during 
winter, with overall mean annual soil temperatures (MAST) from -1 to -3°C 
(Clark and Duffy, in press). 

Consistent with the findings by French (1970), these gravelly soils with no ap- 
preciable organic mat at the surface are found to be warmer during summer than 
would normally be expected for the latitude. High thermal conductivity of this 
gravelly surface material (Jury et al., 1991) is thought to be an important contribu- 
tor to the extreme seasonal temperatures and general lack of permafrost in these 
soils. Also important are winds that remove snow from the surfaces of these soils 
during winter, leaving the ground exposed to extreme winter air temperatures 
(MacKay and MacKay, 1974; Nichols and Moore, 1977). 

Soils with shallow permafrost occupy less than about 15% of the landscape and 
are limited to benches, summits, saddles, and gently sloping foot slopes with con- 
vergent-plain to concave surface shapes. These landscape positions accumulate 
snow during winter and receive excess moisture as run-in from surrounding slopes 
during late spring and summer. Surface micro-relief is generally smooth but in- 
cludes areas of turf hummocks with less than 30 cm relief 

Parent materials include colluvium from a host of rocks with a thin mantle of 
loess and eolian organic deposits. Eolian deposits accumulate each winter in 
snowdrifts and are deposited on the soil surfaces during the spring thaw. 

The permafrost is at one to two meters depth, and Aquic Haplorthels and Histic 
Haplorthels are common soils. Vegetation is dwarf willow {Salix reticulata, Salix 
Arctic) and dryas shrub {Dryas spp.) and dwarf willow shrub-sedge (Carex spp.). 
Both Aquic Haplorthels and Histic Haplorthels have neutral to alkaline soil reac- 
tions in surface layers, from nutrient rich run-in water, compared to adjacent well 
drained Typic Distrocryepts and Eutrocryepts. 

The upper mineral layers, or “A” horizons, in Aquic Haplorthels are black 
(lOYR 2/2) silt loam with reactions that range from strongly through slightly 
acidic (pH 5.3 to 6.4). Histic Haplorthels have very dark brown (lOYR 2/2) or 
black (lOYR 2/1) surface organic mats and a thin underlying silt loam mineral 
layer with a reaction ranging from strongly acidic through neutral (pH 5.3 to 6.6). 
Substrata of both soils have variable color depending on lithology and have a 
strongly acidic through neutral reaction (pH 5.3 to 6.6). 



4.4. Soils of the Outer Mountains, Glacial Plains, and Basins 

Rounded glaciated mountains, glaciated plains and hills, and bedrock cored low 
mountains occupy much of the fringe of the Alaska Range at elevations from 
about 300 to 1300 meters. Common parent materials include gravelly till, loess. 
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cryoturbate, and colluvium. Periglacial features, including gelifluction lobes, 
stripes, and steps, are common on this assemblage of landforms. 

Equally represented on periglacial landforms are soils with and soils without 
permafrost. Common soils with shallow permafrost include Typic Histoturbels, 
and soils on periglacial features include Ruptic-Histic Aquiturbels. Aquic Hap- 
lorthels and Histic Haplorthels are common in basins. Alpine and subalpine vege- 
tation comprises much of the area, with less extensive areas of boreal forest at ele- 
vations below about 550 m asl. 

Soils lacking significant cryoturbation include Aquic Haplorthels and Histic 
Haplorthels. These soils are common on gently sloping mountain foot slopes, till 
plains, glaciated hills, and broad, mountain summits. Surface micro-relief is gen- 
erally smooth but includes areas of turf hummocks with less than 30 cm relief. 
Vegetation is mixed bog birch (Betula glandulosa)-QriceiCQO\xs shrub or alpine- 
mixed ericaceous shrub-sedge {Carex spp.) types. 

These soils do not receive the nutrient rich run-in water described for similar 
soils in the “Steep Mountains” section and therefore are measurably more acidic 
in the upper soil horizons. Organic mats have very strongly or strongly acidic soil 
reaction (pH 4.3 to 5.5), and soil color is very dusky red to black (2.5YR 3/2 to 
10YR2/1). Reaction in substrata is very strongly through moderately acidic (pH 
4.7 to 6.0) and soil color is dark grayish brown to very dark gray (2.5Y 4/2 to 5Y 
3/1) (Clark and Duffy, in press). 

Highly cryoturbated soils, including Typic Histoturbels and Ruptic-Histic 
Aquiturbels, are common in area with periglacial features. They formed in frost- 
churned sediments from a variety of rocks and till. Cryoturbation resulted in mul- 
tiple buried, mixed, and convoluted organic and mineral horizons. Hummocks and 
non-sorted steps are periglacial features most commonly associated with Typic 
Histoturbels. Vegetation on these soils includes alpine-ericaceous shrub or alpine- 
mixed ericaceous shrub-sedge types. 

Nonsorted circles, another common periglacial feature, occur on mountain 
footslopes, toeslopes, and broad summits. These consist of a repeating pattern of 
convex circular barren soil areas about one to three meters in diameter encircled 
by concave troughs one to two meters across. Circle centers have well drained 
soils and permafrost at depths of 1.5 m or more and are often barren of vegetation. 
Soils in troughs have histic epipedons, shallow permafrost, saturated conditions 
above the ice, and bog birch (Betula glandulosa)-ericaceous shrub vegetation. 

Soils with shallow permafrost within the boreal forest zone are common along 
mountain foot slopes and basins at elevations between 300 and 550 m asl. Soil 
materials include gravelly till, silty loess, and silty colluvium derived from loess. 
Distribution and kinds of soils found here are similar to those described in the “In- 
terior Alaska Highlands” section. 
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5. Copper River Plateau 

5.1. Physical environment 

The Copper River Plateau refers to the Copper River Basin and adjacent uplands 
rimmed by the Alaska Range on the north, the Talkeetna Mountains on the west, 
the Chugach Range on the south, and the Wrangell Mountains on the east (Figure 
2.2.1). This region includes the upper drainage basin of the glacially fed Copper 
River and tributaries at elevations from about 170 to 1 100 m asl. 

Vegetation is dominantly boreal forest, with alpine areas above about 700 m. 
Landforms of the basin floor include narrow river valleys entrenched tens of me- 
ters within finely textured lacustrine basin sediments. Broad, nearly level to undu- 
lating lacustrine terraces are the most extensive landform of the basin floor above 
the river canyons. 

Extensive areas of soils formed in calcareous glaciolacustrine sediments are a 
unique feature of the Copper River Plateau. Lacustrine terrace sediments consist 
of clayey and loamy calcareous materials that were deposited within a large pro- 
glacial lake that occupied the basin during the Pleistocene from about 35,000 to 
9,000 years ago (Ferrians et al., 1983). Scattered throughout the basin are sandy 
strandline or beach deposits associated with fluctuating lake levels during this 
glacial period. Skirting the basin to about 900 meters elevation are glacial land- 
forms including drumlins, outwash plains, till plains, and hills. 

Mountains bordering the Copper River Plateau consist of schist, greenstone, 
graywacke, shale, sandstone, and andesite rocks (Beikman, 1980). Many upland 
landforms are mantled with a thin layer of calcareous loess, ranging from a few 
meters thick on lacustrine terraces adjacent to the Copper River to a few millime- 
ters on lacustrine, glacial, and mountain landforms more distant from the river 
(Clark and Kautz, 1990). 

This region is included within the zone of discontinuous permafrost (Pewe, 
1975), and permafrost underlies most of the plateau at varying depths, except on 
floodplains and under lakes. Permafrost is thought to have formed in the recent 
epoch or following the end of the last glaciation, since, during that period, the ba- 
sin was under either the waters of the proglacial lake or glacial ice. Permafrost oc- 
curs as finely segregated ice crystals and thin discontinuous ice lenses. 

In clayey lacustrine deposits, ice content can average as high as 30 to 60% of 
the dry weight of the soil (Nichols, 1956). Though massive ground ice has been 
observed in area soils, massive ground ice formations or thermokarsts are local- 
ized features and not extensive. 



5.2. Climate 

The climate of the Copper River basin is subarctic continental characterized by 
long cold winters and short warm summers, a climate similar to the Interior physi- 
ographic area. January temperature is -23 °C at Glennallen and -17°C at Paxson. 
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Daily low temperatures of -46°C or less occur frequently at Glennallen during the 
winter and may last for two or more weeks (National Weather Service). Winter 
temperature inversions result in the lower average temperatures at Glennallen, in 
the basin bottom, than those measured for Paxson, which is at a higher elevation 
near the mountains. 

Mean July temperature is 13°C at Glennallen and 12°C at Paxson; daily high 
temperatures on occasion exceed 30°C in Glennallen. Although the daily mini- 
mum temperature in summer averages less than 10°C, freezing temperatures have 
been recorded in every month. 

Mean annual precipitation measurements for the plateau range from about 280 
mm in the basin bottom at Glennallen to about 540 mm in upper elevations at 
Paxson. Though precipitation totals are low, abundant surface water on land- 
scapes of the region suggests that evapotranspiration is less than the annual pre- 
cipitation. 



5.3. Soils 

Permafrost is generally absent on low to mid-level flood plains and common on 
high flood plains and stream terraces. The sequence of soils and permafrost along 
high flood plains and stream terraces on the Copper River Plateau is similar to that 
previously discussed in the “Interior Alaska Lowlands” section. 

Soils on lacustrine terraces, till plains, and hills consist of a dark grayish brown 
(2.5Y 4/2) through olive gray (5Y 5/2) lacustrine and till deposits mantled with 
dark brown (lOYR 3/3) and black (lOYR 2/2) loess of variable thickness. Perma- 
frost at a shallow depth and poorly drained conditions are common but highly 
variable over short distances. Recurring wild fires have created a complex mosaic 
of permafrost states and soil drainage conditions, similar to those described previ- 
ously for Interior Alaska. 

In most places, across lacustrine terraces and till plains, soils potentially alter 
between shallow permafrost and a permafrost- free state (Clark and Kautz, 1990). 
Soils under late succession dwarf black {Picea mariana) and white spruce (Picea 
glauca)-fovQst and shallow permafrost have histic epipedons and shallow perma- 
frost and are classified as Typic Historthels. 

Reaction in soils is relatively high, compared to similar soils in Interior Alaska. 
In Typic Historthels on lacustrine terraces, reaction in surface organic mats ranges 
from strongly through slightly acidic (pH 5.1 to 6.2), slightly acidic to moderately 
alkaline (pH 6.1 to 8.4) in the loess mantle, and mildly or moderately alkaline (pH 
7.4 to 8.4) in lacustrine materials. Free calcium carbonate occurs disseminated 
throughout soil materials and occasionally as local white concentrations. Soils 
lack appreciable cryoturbation and structure, with the exception of weak platy 
structure in loess mantles. 

In areas of these soils recently affected by fire of moderate or severe intensity, 
vegetation is commonly altered to willow shrub and aspen or mixed white spruce- 
aspen forest types. Combustion and consolidation of the insulating organic mat re- 
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suits in warming of underlying soils, lowering of the permafrost table, and a tran- 
sition to a well drained and permafrost-free state. 

Rate of change from the permafrost rich, poorly drained condition to a well 
drained, ice-free state was observed at the Wilson Camp fire bum near Glen- 
nallen, which burned in July of 1981. Soils showed an increase in the depth of 
thaw the first year after the bum. Depth to permafrost in August, in similar un- 
bumed forest adjacent to the bum, averaged 40 cm below the mineral surface. In 
August of 1982, within the burned area, depth to permafrost averaged 80 cm; in 
August of 1983, depth to permafrost averaged 100 cm (Clark and Kautz, 1990). 

This alteration results in a change in the classification of soils from Typic His- 
torthels to Pachic Haplocryolls, Typic Haplocryolls, or Typic Eutrocryepts. Soil 
reaction in the surface organic ranges from moderately alkaline (pH 7.9 to 8.4) 
immediately following fire, decreasing to slightly acidic levels (pH 6.1 to 6.5) 
several years following fire. Reaction in subsurface layers is similar to that in pre- 
bum levels. Thawed soil materials exhibit minimal cryoturbation. Soil stmcture is 
platy in loess material, with strongly expressed subangular blocky stmcture in un- 
derlying lacustrine deposits and massive or weak platy stmcture in till materials. 

Permafrost-affected soils of lesser extent include very poorly drained Typic 
Histoturbels in broad depressions and toeslopes on hills with cottongrass tussocks 
{Eriophorum spp.); very poorly drained Typic Hemistels with wet willow shmb 
{Salix spp.) vegetation; and, Ruptic-Histic Aquiturbels on mudboils or nonsorted 
circles with spmce {Picea spp.)-shmb bog birch (Betula glandulosa) woodland. 
The occurrence of fire and alteration of soil properties and vegetation is infre- 
quent on these soils. 



6. Summary 



Five soil-forming factors, parent material, topography, climate, biota, and time, 
usually are used to define the state of the soil system. Though often described in- 
dependently, they are related, and the relative importance of each factor varies 
with location. 

In the high latitudes, climate plays an important and often overriding role in 
soil formation, since permafrost is a prevalent feature in landscapes. Permafrost, 
acting as a barrier for water movement, creates restricted drainage and often wet 
soil morphology. Most soils affected by permafrost have very poor to poor drain- 
age and are classified within the “Aqui” Great group of the Gelisol Order. 

In the zone of continuous permafrost, the cold ambient temperature, usually < 
-20^C during fall freeze-up, induces frost-churning or frost heave processes and 
cryoturbated soil profiles. These soils are keyed into the Turbic Suborder of the 
Gelisol Order. 

In the Arctic Foothills, the soils are classified as Aquiturbels. Along the Arctic 
Coastal Plain, the cold environment in conjunction with level or concave surface 
relief contributes to the accumulation of organic matter into thick surface organic 
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mats or Histic epipedons that qualify these soils to be classified as Histels or 
Typic Histoturbels. Cryosols lacking cryoturbation, or Orthels, are not extensive 
and only form on young landscapes, such as floodplains. 

Soil temperatures in the zone of discontinuous permafrost are generally 
“warmer,” compared with those of the zone of continuous permafrost. They range 
from a fraction of a degree below freezing to -2°C in most cases. Variation in soil 
temperature and the presence of permafrost often are associated with landscape 
position, parent material, and fire history. 

On hills and mountains, incidental solar radiation and evapotranspiration differ 
significantly, based on exposure. Northerly exposures are often cooler, with rela- 
tively low rates of evapotranspiration, and have permafrost at a shallow depth and 
dwarf spruce forests. Histic Haplorthels and Typic Histoturbels are the common 
Subgroups represented. 

Southerly exposures are generally warmer, drier, and permafrost free, with 
mixed hardwood and white spruce forests. These soils lack permafrost, and Typic 
Dystrocryepts and Typic Eutrocryepts are the common Subgroups. 

The kind and thickness of parent material influences whether permafrost will 
form in soils. Generally, soils with < 0.5 meters of loamy loess or alluvium over 
coarse texture tills, alluvium, or bedrock have relatively warm summer soil tem- 
peratures and lack permafrost, due to high thermal conductivity properties of 
coarse texture materials. Well to excessively drained soils common to these parent 
material types include Typic Dystrocryepts, Typic Eutrocryepts, and Typic Hap- 
locryods with spruce and dwarf birch vegetation. 

Upland soils with 0.5 to 1.0 m of loamy material over gravel or soils on gentle 
sloping hill slopes at mid-slope, shoulder, or summit positions have permafrost 
that is sensitive to disturbance and have been observed to recede below 2 m and 
dry markedly after fire or land clearing. Recession of the permafrost table to be- 
low 2 m depth after major disturbance can cause the soil classification to change 
from the Gelisols before disturbance to Inceptisols in the years following. Soil 
subgroups and vegetation include Typic Historthels with dwarf spruce forest be- 
fore fire and Typic Dystrocryepts and Typic Eutrocryepts with mixed forest sev- 
eral years following fire. 

Soils with thick surface organic horizons over thick silty loess deposits have 
low thermal conductivity and often thaw little after fire (Swanson, 1996a). Thus 
some of the Typic Historthels may change to Typic Aquorthels, due to the loss of 
the organic horizon following fire. 

Cryoturbation is less extensive in soils of the Subarctic zone, compared to 
those of the Arctic, especially in the boreal forest zone. This is attributed to the 
combined insulating effect of the mineral soil by a stable winter snow pack and 
thick organic horizons. Historthels are common in the boreal forest on fiat or gen- 
tly sloping areas. Cryoturbated soils are limited to steeper northerly exposures, 
where mixed horizons are generally attributed to downslope movement of satu- 
rated soil material over permafrost or gelifluction. Highly cryoturbated soils are 
also common on exposed alpine landscapes, where wind removes the snow cover 
(Ruptic-Histic Aquiturbels ), and under sedge tussock and dwarf spruce-sedge 
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tussock vegetative types (Typic Histoturbels) where standing water between tus- 
socks freezes, causing differential lateral pressures and cryoturbation. 
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1. Introduction 

The Arctic, which covers approximately 30% (2,375,000 km^) of the land area of 
Canada, has a triangular shape. Its southern border is the Arctic tree line, the 
northern limit of trees. This border extends eastward from the Yukon-Alaska bor- 
der (at approximately Lat. 69.5° N, Long. 142° W) across the middle of Hudson 
Bay (Lat. 5T N, Long. 80® W), to the Atlantic coast (at approximately Lat. 57.5° 
N, Long. 62° W). Its northernmost point is the northern tip of Ellesmere Island 
(Lat. 83® N, Long. 70® W). 

Although early pedological investigations in the Arctic date back to the begin- 
ning of the 1940s (Leahey, 1947), most of the information available was collected 
during the last three decades. Many of these studies took place on the Arctic is- 
lands. 

Soil information for the Tanquary Fiord and Lake Hazen areas of Ellesmere 
Island is in Tamocai et al. (1991) and in Day (1964). Everett (1968) described the 
soils and soil development in the Mould Bay and Isachsen areas of Prince Patrick 
Island. Tedrow et al. (1968) also carried out soil investigations on Prince Patrick 
Island during this period, while Tedrow and Douglas (1964) earlier had carried out 
similar work on Banks Island. 

Walker and Peters (1977) described the soils in the Truelove Lowland area of 
Devon Island, Cruickshank (1971) provided information on soils near Resolute 
Bay on Cornwallis Island, and Tamocai (1976) provided information for Bathurst 
and Cornwallis islands. Woo and Zoltai (1977) mapped the soils of Somerset and 
Prince of Wales islands. Smith et al. (1989) mapped and described the soils on 
Herschel Island, and Tamocai and Veldhuis (1998) mapped soils in the Pangnir- 
tung Pass area of Baffin Island. Bockheim (1974) also described soils in selected 
locations on Baffin Island. 

In the District of Mackenzie, the western portion of the continental Arctic, 
Zoltai and Tamocai (1974) studied soils and vegetation along the Mackenzie Val- 
ley, including the Mackenzie Delta, while Bradley et al. (1982) mapped and de- 
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scribed the soils in the Lockhart River area. To the east, in the District of Kee- 
watin, Tamocai (1977) described the soils in the north central portion of the dis- 
trict, and Tamocai et al. (1976) described those in the northeastern portion and on 
Boothia Peninsula, while James (1970) described those in the Rankin Inlet area. 
Still farther east, Hendershot (1984) carried out soil investigations on the Ungava- 
Labrador Peninsula of northern Quebec. 

In addition, broader scale studies dealt with soils throughout the various regions 
of the Arctic. These include Tamocai (1978a and c), which focused on soils and 
land use, and Tamocai (1978b) and Zoltai and Tamocai (1975), which investi- 
gated peatlands. Information on soil development and characterization is in Lev 
and King (1999), Broil et al. (1998), Tamocai et al. (1993), Smith et al. (1991), 
Tamocai and Zoltai (1978), Brewer and Pawluk (1975), Pawluk and Brewer 
(1975a), and Day and Rice (1964). 

The interactions between vegetation, nutrients, and moisture content of soils, as 
well as information on the biological activity, are in Broil et al. (1999) and Muel- 
ler et al. (1999). Information relating to mineralogy and micromorphology is in 
Foscolos and Kodama (1981), Fox (1985, 1979), Fox and Protz (1981), and 
Pawluk and Brewer (1975b), while information on soil thermal characteristics is in 
Mueller et al. (1998), Tamocai et al. (1993), and Tamocai (1980). Predictions 
about the effect of climate warming on Cryosols in Canada are in Tamocai (1999). 

This paper briefly describes the physical and ecological setting of the Canadian 
Arctic and gives information about the characteristics, genesis, and distribution of 
Cryosols, including detailed descriptions of selected pedons from the Arctic Eco- 
climatic Province. 



2. Description of the Area 

The Canadian Arctic has been divided into various regions on the basis of either 
its ecoclimate (Ecoregions Working Group, 1989) or its physiography (Bostock, 
1970). The ecoclimatic provinces and subprovinces are separated primarily by 
using vegetation as an indicator of climate, while distinctive terrain types, includ- 
ing bedrock and landforms, identify the physiographic regions. Ecoclimatically, 
the Arctic Ecoclimatic Province is divided into the High, Mid-, and Low Arctic 
ecoclimatic subprovinces (Figure 2.3.1), hereinafter referred to as the High Arctic, 
Mid- Arctic, and Low Arctic. 

The physiography of the Canadian Arctic (Figure 2.3.2) includes a wide variety 
of terrain types. The Canadian Shield Region^ the southernmost part of the Arctic, 
covers the eastern half of the continental Arctic and some of the adjacent islands, 
including a large part of Baffin Island. This region is composed primarily of un- 
dulating hills and valleys with many lakes, although the Baffin Island and Labra- 
dor portions are composed of mgged mountainous terrain with ice fields and gla- 
ciers. 

The Interior Plains Region covers small areas along the coast of the Beaufort 
Sea and along the western margin of the continental portion of the Canadian 
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Shield. This region is composed of a series of plains, hills, and plateaus rising 
gradually from the Arctic coast. 

The Arctic Coastal Plains Region, lying west of the Interior Plains Region, 
forms a very narrow band along the margins of the Arctic Ocean, the Beaufort 
Sea, and the inland channels on both the continental portion and the Arctic islands. 
It is generally a low area, often covered by wetlands. 

The Arctic Lowlands Region covers the large central portion of the Arctic is- 
lands and consists of relatively gently rolling terrain with some hills and moun- 
tains. 

Finally, the northernmost area, the Innutian Region of the High Arctic islands, 
is composed of rugged mountainous terrain with deep fiords, glaciers, and ice 
fields. 

Permafrost is continuous in the Arctic and exists in all terrain types under all 
moisture conditions, except in newly deposited sediments where the climate has 
just begun to impose its influence on the soil thermal regime. 




Figure 2.3.1. Ecoclimatic subprovinces of the Arctic - High (H), Mid- (M), and Low (L) 
Arctic (Ecoregions Working Group, 1989). 
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Innuitian Region 
Arctic Lowlands Region 
Interior Plains Region 
Canadian Shield 



Figure 2.3.2. Physiographic regions of Arctic Canada. 



3. Distribution of Cryosols 

Approximately 63% (1,508,704 km^) of the land area of the Arctic is covered by 
soils (Table 2.3.1 and Figure 2.3.3); rockland and glaciers cover the remaining 
37% of the area. Cryosols cover 99% (1,493,483 km^) of the soil area of the Arc- 
tic, with Turbic Cryosols, the most common Cryosols in the Arctic, covering ap- 
proximately 79% of the soil area (Table 2.3.1). The remaining 20% of the area of 
Cryosols is covered by Static Cryosols (17%), found primarily in coarsely textured 
and gravelly materials, and Organic Cryosols (3%), which occur in peatlands. 
Brunisols and Organic soils occur in only small areas (1%) along the southern 
border of the Arctic. Regosols, found in recently deposited alluvial materials, also 
cover a very small area (<0.1%) (Table 2.3.1). 




S. 2 Ch. 3 Cryosols of Arctic Canada 



99 




Figure 2.3.3. Distribution of Cryosols in Arctic Canada, 



■■ Dominantly Cfyosol (>40% Giyosot) 

Subdominantly CryOSOl (16-40% Crvoso!) 
Ej Minor Cryosol (1-15% Cryosol) 

Rockland and Glaciers 



Table 2.3.1. Area and percent distribution of soils in Arctic Canada. 



Soils 

Canada^ 


USA^ 


Area 

(km^) 


Area 

(%) 


Turbic Cryosols 


Turbels 


1,192,659 


79 


Static Cryosols 


Orthels 


251,912 


17 


Organic Cryosols 


Histels 


48,912 


3 


Brunisols 


Inceptisols 


14,687 


1 


Regosols 


Entisols 


327 


0.02 


Organics 


Histosols 


207 


0.01 


TOTAL SOILS 

In . "r- TTT 




1,508,704 


100 



^Soil Classification Working Group (1998). 
^Soil Survey Staff (1998). 
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4. Regional Characteristics 

Although Cryosols are the dominant soils in the Arctic, their characteristics differ 
greatly because of differences in parent materials, drainage, and ecoclimate. 



4.1. Canadian Shield Region 

Most of this region falls within the Low Arctic, although a sizeable portion lies in 
the Mid- Arctic. The only portion of this region in the High Arctic is on the north- 
eastern part of Baffin Island and in narrow bands on the eastern coasts of Devon 
and Ellesmere islands. 

A large part of the soils developed on coarse-textured till and glaciofluvial ma- 
terials occur in the Canadian Shield portion of the Arctic. These types of parent 
materials derived primarily from the granitic bedrock of the Canadian Shield. 
Most of the soils developed on till are Turbic Cryosols that have an active layer 
depth of less than one meter and are associated with nonsorted circle, stripe, step, 
and ice-wedge polygon types of patterned ground. 

Tables 2.3.2-2.3.4 give examples of these Turbic Cryosols on till in the north- 
central District of Keewatin in the Low Arctic (pedon DK-1; see also cross section 
of soil profile in Figure 2.3.4) and on Baffin Island in the High Arctic (pedon 12- 
96-9) Arctic. Although these soils have a large sand fraction, they also contain 
considerable amounts of silt, which makes them extremely susceptible to cryotur- 
bation. These soils are strongly to very strongly acidic (pH 4.5 to 5.2) and very 
low in nitrogen. The carbon content of the mineral horizons is usually low, except 
for the Ah horizon and some of the strongly cryoturbated horizons. 

Vesicular structure, associated with a high water content, is very common in 
soils developed on till. Because of the high water content, this structure is very un- 
stable, and the slightest disturbance (e.g., vibration) will cause the soil material to 
liquefy. 

Cryoturbated soils similar to those described above occur on coarse-textured till 
in the southern portion of the Canadian Shield, but their active layers are deeper 
than two meters. As a result, these soils do not meet the criteria for Cryosols and 
are classified as Dystric Brunisols, cryoturbated phase. Tables 2.3.2-2.3.4 (pedon 
DP-3) give an example of this type of soil occurring in the Porter Lake area of the 
District of Mackenzie in the Low Arctic. 

Soils developed on sandy glaciofluvial materials in the Canadian Shield region 
usually are noncryoturbated and have well developed B horizons. Tables 2.3.2- 
2.3.4 give characteristics of a well developed Brunisolic Static Cryosol (pedon 12- 
95-3) occurring on sandy glaciofluvial material on the High Arctic portion of Baf- 
fin Island. 
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Figure 2.3.4. Cross-sections of cryoturbated soil profiles. Profiles Y32 and Y60 are associ- 
ated with earth hummocks, while profiles 81-26 and DKl are associated with nonsorted 
circles. Horizon designators follow the Canadian System of Soil Classification, where “y’ ’ 
indicates cryoturbated and “z” indicates perennially frozen (cryic) horizons. Locations are: 
Y32, Lat. 64° 36’ N, Long. 126° 23' W; Y60, Lat. 69° 25’ N, Long. 139° 59’ W; 81-26, Lat. 
76° 14’ N, Long. 1 19° 04’ W; DKl, Lat. 66° 06’ N, Long. 94° 21’ W (Tamocai and Smith, 
1993). 
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Table 2.3.3. Morphological descriptions of some Cryosols. (Site information in Table 
2.3.2.) 



Horizon 


Depth 


Color 


Texture^ 


Structure^ 


Ice content 


Special 




(cm) 


(moist) 








features^ 


1. Pedon 


12-90-Hl (High Arctic) 










Ckyl 


0-15 


lOYR 3/2m 


L 


gr 


- 


25% cf 


Cky2 


15^5 


lOYR 3/2m 


L 


gr 


- 


25% cf, 1.67 BD 


Cky3 


45-69 


lOYR 3/2m 


SiL 


pi 


- 


20% cf 


Ckyz 


69-85 


lOYR 3/2f 


SiL 


si 


25% 


ice crystals 


2. Podon 


1 2 90 11(1 


liiih Arciic) 










Ckyl 


0-10 


lOYR 3/2m 


L 


gr 


- 


- 


Cky2 


10-35 


lOYR 3/lm 


SiL 


pi 


- 


- 


Ckyz 


35-65 


lOYR 3/lm 


SiL 


si 


71% 


1.20 BD 


Wz 


65-187 


- 


- 


- 


100% 


5% cf 


V Podoii 


12 95 3ijli 


igh Arciici 










C 


0-5 


lOYR 4/2m 


S 


Sg 


- 


- 


2Ah 


5-12 


lOYR 5/2m 


S 


gr 


- 


- 


2Bml 


12-33 


5YR 4/6m 


s 


gr 


- 


- 


2Bm2 


33^2 


5YR 3/46m 


s 


gr 


- 


- 


2BC 


42-56 


7.5YR 4/3m 


s 


sg 


- 


- 


2C 


56-84 


10YR4/3m 


s 


sg 


- 


- 


2Cz 


84-90 


10YR4/3f 


s 


si 


medium 


ice crystals 


4. Pcdoii 


1 2 96 9 ( High Aioiio 








Ah 


0-16 


5YR 2.5/2m 


LS 


gr 


- 


- 


Cg 


16-26 


lOYR 3/3m 


LS 


sg 


- 


- 


Cgz 


26 + 


lOYR 3/3f 


- 


si 


medium 


ice crystals 


5. Podon 


12 SI 26 (Nigh \rolio) 










Ahy 


8-0 


lOYR 2/lm 


- 


gr 


- 


- 


Bmyl 


0-14 


10YR4/3m 


SL 


gr 


- 


_ 


Bmy2 


14-55 


lOYR 4/2m 


SL 


gr 


- 


- 


Cy 


55-100 


lOYR 4/2m 


SL 


sg 


- 


org. intrusions 


Ahyz 


40-45 


lOYR 2/1 f 


- 


si 


high 


- 


Cyz 


45-80 


10YR4/2f 


SL 


si 


high 


org. intrusions 


6. Pedon DC-3 (Mid- Arctic) 










Om 


0-15 


lOYR 2/lm 


- 


- 


- 


- 


Cy 


0-30 


lOYR 5/2m 


L 


sbk 


- 


_ 


Ahy 


30-50 


lOYR 3/lm 


SL 


sbk 


- 


- 


Ahyz 


50-85 


lOYR 3/lm 


SL 


si 


high 


vein ice 


Cz 


00 

1 

o 

o 


lOYR 5/lf 


SL 


si 


high 


ice lenses 


7. Pedon DB-4 (High Arctic) 










Bmky 


2^4 


10YR3.5/2m 


SL 


gr 


- 


vesicular 


BCky 


10-32 


lOYR 3/3m 


SL 


gr 


- 


vesicular 


Ahkyz 


1-15 


lOYR 2/lm 


SL 


sg 


- 


vein ice 


Ckz 


46-100 


lOYR 4/lf 


SL 


si 


- 


ice crystals 


8. Pedon DK-1 (Low Arctic) 










Ah 


0-3 


7.5YR 2/Om 


S 


gr 


- 


- 


Bmyl 


3-8 


10YR4/3m 


LS 


sg 


- 


- 


Bmy2 


8-30 


lOYR 3/3m 


LS 


sg 


- 


thix., vesicular 


Bey 


30-80 


lOYR 5/2m 


SL 


sg 


- 


vesicular 


Cy 


0-80 


2.5Y 6/3m 


SL 


sg 


- 


thix., vesicular 


Cyz 


80-100 


2.5 6/2f 


SL 


sg 


low 


vein ice 


9. Pedon Y60 (Low Arctic) 










L,F 


3-0 


lOYR 3/lm 


- 


- 


_ 


_ 


Bmgyl 


0-13 


lOYR 5/4m 


SiCL 


gr 


- 


- 


Bmgy2 


13-25 


7.5YR 4/2m 


SiCL 


gr 


- 


- 


Bmgyz2 


25-37 


lOYR 3/2f 


SiCL 


mss 


- 


- 


Bmgyzl 


37^3 


lOYR 3/lf 


SiCL 


mss 


- 


- 


Begyz 


11-25 


2.5Y 4/Of 


SiCL 


mss 




_ 


Ahyz 


43-57 


lOYR 2/1 f 


SiL 


si 




_ 


Cz 


57-80 


5Y 4/lf 


SiL 


si 


medium 


vein ice 


IICz 


80-110 


5 Y 4/lf 


SiL 


si 


20% 


vein ice 



(continues) 
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Table 2.3.3. (cont.) 



Horizon 


Depth 

(cm) 


Color 

(moist) 


Texture 


' Structure^ Ice content 


Special 

features^ 


10. Pedon DP-3 (Low Arctic) 








Cyl 


0-29 


lOYR 7/lm 


SL 


gr 


thixotropic 


Cy2 


29-52 


lOYR 7/2 m 


SL 


gr 


thixotropic 


Abb 


52-73 


lOYR 2/2 m 


SL 


gr 


- 


Bmb 


73-100 


lOYR 6/4 m 


SL 


gr 


- 


BC 


100-205 


lOYR 7/3 m 


SL 


gr 


- 



'Texture: L-loam; SiL-silt loam; SL-sandy loam; S-sand; LS-loamy sand; SiCL-silty clay loam; SiC-silty clay. 
^Structure: gr-granular; pl-platy; sl-structureless; sg-single grain; sbk-subangular blocky; mss-massive. 

^Special features: cf-coarse fragments; BD-bulk density (g/cm^); org.-organic; thix.-thixotropic. 



4.2. Interior Plains Region 

Soils in the western portion of this region developed on fme-textured till associ- 
ated with earth hummocks, while those in the eastern part developed on loamy- 
textured calcareous till primarily associated with nonsorted circles. Most of the 
fine-textured till soils are strongly cryoturbated and contain a high amount of or- 
ganic carbon in the mineral horizons (Tamocai and Zoltai, 1978). Soils developed 
on calcareous till are also strongly cryoturbated. 



4.3. Arctic Coastal Plains Region 

This region stretches from the Mackenzie Delta area on the Beaufort Sea coast in 
the Low Arctic along the western coasts of the Arctic islands in the Mid- and High 
Arctic. 

Most soils in the Arctic Coastal Plains Region, as well as in other areas that 
were affected by marine inundation, are clay and silty clay textures. These soils 
are highly cryoturbated and commonly are associated with earth hummocks (Fig- 
ure 2.3.5, A and B). The B horizons of these soils usually have a granular structure 
resulting from cryodesiccation and cryoturbation, while the underlying soil hori- 
zons usually have a massive stmcture because of cryostatic pressure and cryodes- 
iccation (Bockheim and Tamocai, 1998; Van Vliet-Lanoe et al., in this book). 
Gray reduced colors and mottles are common redoximorphic features. These soils 
have high carbon and high ice content or pure ice layers in the subsoil. Tables 
2.3.2-2.S.4 give an example of these soils occurring in the Malcolm River area on 
the North Slope of the Yukon in the Low Arctic (pedon Y60; see also cross sec- 
tion of soil profile in Figure 2.3.4). 




S. 2 Ch. 3 Cryosols of Arctic Canada 



105 




I I I I I I I 



I I I I I I I 



I I I I I I I 



I I I I I I I 



I I I I I I 



rs »-i fs fs 

ti o o' d o o 



<s 00 tn m ro m 

6 — ■ odd© d 



o o o o o o o 



I I I I I I I 



O 00 ON Os o o 
•o’ W V wnl tri tri 



«n fO VO O 

rvi wk rs d 



o 00 Os VO o 
^ W ri « »-I ^ 



{ On r*» 00 ro m fO 

it t 



4So*kC2a5!S5 

fM 



VO 

d h I 



Ov 00 

-I d f 



so ff> 

»n d I 



r|fi 
O O I 



I I I 

so ^ 

^ I 



00 

I d I 



'O ^ + 



I I I I I I 



«r» «N VO n 
o I I d d d 



<N m Ov < 

d I I d d . 



!S! I I S 0 = 



o m m o 00 00 

Pi = 2 2i 



-! r •O ^ 
o o o o o o 






2 2 2 2 2 
d d d d o d 



SIS 2 

I d d d I I 



<N r>j m o so ov 
so d d so vd 



rn fo Os rrj 

d IN d . O 

IN IN IN I Fl 



8 S 3 I ^ 

hzfdl 

llielai 



(continues) 




Table 2 Jv 4 . (Com.) 



106 



Tj 




o o O H H H 



o o o o o o 



•n fN «N fS (N 

-koodoo 



m o >o 00 
rn d d d d 



^ o o, >0 



d H H H H d 



00 oe ^ 
d d d d I I 



o o o o to 



OOP 

d o o I I t 



fej m 00 » 

d d d d d « 



o o p p p p 
wS r<S «r» «n f<) m 



so «« (S m (N 



O p p p p p 



uulU 









(s. «i« rs m 

d d d d d d d t i 



2 <N — 00 

^ m »n <s lA I I 



^ o O »A 

d ^ d ^ 

Zin.^SSvOfA I I 



<NSOOOOOO«A<N»np 

rrid«A>-!d«Amd«A 

vo*-*<snr<^'«’<N»A 



On <n fO fA r< t>; I 

d d d d d d d i i 



^ o — r* p «N ^ <N p 

*AfAdw->vO^— «»A^t 



82 = 22 ?: 5 ?S 

I d d d d d d d d 



o o o o p p <N 
I d d d d d o NO 



00 r» «-« p p p pj 
»A fO fA W ’O' «A K 



NO 00 ^ M p cA p pi 



<N fA p p fA •"* P 

?i^«a«a»a 9 »no^ 



n 00 00 <s p p p 
I 22 = 2 = = cs 2 ^ 



J _ o 

9 NO r«- ^ p Q ^ 

gfAO^nfA — '^'AOO 



ts IS NO »r> p 
d d ^ O o 



IS p p p 
«ri ^ V ^ 



o o p p 
fA ri r*‘ “’t 



sO o o p 

is sis -a 



jfi IS lA 8 2 

pxsii 

s 



2S‘S‘l<i§ 




S. 2 Ch. 3 Cryosols of Arctic Canada 



107 



4.4. Arctic Lowlands and Innuitian regions 

All of the islands composing the Innuitian Region lie in the High Arctic. The Arc- 
tic Lowlands Region, however, extends northward from the Arctic coast in the 
Low Arctic to Devon Island in the High Arctic. Loamy-textured soils dominate 
the large expanses of the Arctic islands, most of which lie within these two re- 
gions, and portions of the Arctic coast, including Boothia Peninsula in the District 
of Keewatin. 

Soils developed on moderately calcareous materials usually have a thin B hori- 
zon that commonly has a dark brown color and is strongly cryoturbated. Examples 
of these soils occur on Bathurst Island (Tables 2.3.2-2.3.4, pedon DB-4) and at 
Mould Bay on Prince Patrick Island (Tables 2.3.2-2.3.4, pedon 12-81-26), both in 
the Innuitian Region. On very strongly calcareous materials, the soils are also 
strongly cryoturbated but usually do not have a B horizon, as a soil on Boothia 
Peninsula in the Mid- Arctic portion of the Arctic Lowlands shows (Tables 2.3.2- 

2.3.4, pedon DC-3). 

On the High Arctic islands, soils are also cryoturbated but generally lack B ho- 
rizon development. Two soils in the Innuitian Region on Ellesmere Island show 
this, one at Lake Hazen (Tables 2.3.2-2.3.4, pedon 12-91-Hl), the other at Tan- 
quary Fiord (Tables 2. 3.2-2. 3.4, pedon 12-90-Tl). Most of these soils are calcare- 
ous, with a pH higher than 6.0, and usually have a salt crust on the soil surface. 
These soils also usually have higher conductivity, especially those developed on 
materials deposited or affected by marine inundation. Although these soils are 
sparsely vegetated, their organic carbon content is high. 



4.5. Peatlands 

In the Low Arctic, Organic Cryosols commonly occur in the form of high- 
centered lowland polygon bogs, low-centered lowland polygon fens (Figure 2.3.5, 
C and D) and peat mound bogs (National Wetlands Working Group, 1988). These 
soils range in thickness from less than one meter to several meters. Small patches 
of strongly eroded lowland polygon bogs associated with Organic Cryosols occur 
throughout the Mid- and High Arctic. 

The basal peat in Arctic lowland polygon bogs yielded radiocarbon dates of 
8120 + 100 yrs. BP (Mackenzie Delta area of the Low Arctic), 9210 ± 170 and 
8420 + 80 yrs. BP (Bathurst Island in the High Arctic), and 6780 ± 390 yrs. BP 
(Tanquary Fiord, Ellesmere Island in the High Arctic). These dates indicate that 
these soils developed during the Hypsithermal interval. Later, when the climate 
cooled, peat deposition ceased, and they are now eroded remnants of the former 
lowland polygon bogs. 

Most of these Organic Cryosols developed on mesic and humic peat in the Low 
Arctic, but some fibric peat also occurs either on the surface or as layers within the 
peat. Most of the eroded Mid- and High Arctic Organic Cryosols are associated 
with mesic peat. Tables 2.3.2 and 2.3.5 present an example of a strongly eroded 
Organic Cryosol on Bathurst Island in the High Arctic (pedon DB-3). 





Figure 2.3.5 A, B. Common patterned ground types associated with Cryosols in the Cana- 
dian Arctic. Earth hummocks viewed from the air (A, top) and from the ground (B, bot- 
tom). 
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5. Genesis of Ctvosols 

All soils are formed by the interaction of soil-forming factors, but because of the 
cold climate in the Arctic regions of Canada, cryogenic processes, which lead to 
the formation of Cryosols, dominate the soil formation (Figure 2.3.6A, B). The 
presence and mobility of unfrozen soil water, as it migrates toward the frozen 
front along the thermal gradient in the frozen system, drives these processes. The 
cryogenic processes that affect the genesis of Arctic soils are freeze-thaw, cryo- 
turbation (frost churning), frost heave, cryogenic sorting, thermal cracking, and ice 
segregation. Other soil-forming processes that can leave an imprint on these soils 
include the gleyic process, brunification, eluviation, and salinization. 



6. Discussion 

Cryoturbation, a dominant process in the Arctic, results in irregular or broken soil 
horizons, involutions, organic intrusions, organic matter accumulation in the sub- 
soil (often with concentration of this material along the top of the permafrost ta- 
ble), oriented rock fragments, silt-enriched layers, and silt caps (Bockheim and 
Tamocai, 1998) (Figure 2.3.4). In the southern Arctic, it affects primarily clayey- 
textured materials or sandy loam materials. In the High Arctic, both of these soil 
materials are cryoturbated, as are some sandy materials, especially those with high 
moisture content. 

Arctic soils generally have high moisture content, especially near the perma- 
frost table, so gleying, associated grayish colors, and redoximorphic features occur 
even in better drained situations. In the western Arctic, soils associated with earth 
hummocks have characteristic reddish brown mottles and gray gleyed features. 
Soils of the High Arctic very often are saturated because of the shallow active 
layer, but gleying is not very common except on fine-textured materials. Gleying 
is likely lacking because most of the water entering the shallow active layer from 
rain and snow melt is oxygen-rich. 

Thin eluvial or leached horizons commonly occur in Cryosols in the southern 
portion of the Low Arctic and have been observed on Cameron Island in the High 
Arctic. The bmnification associated with coarse-textured Cryosols is usually asso- 
ciated with this eluvial horizon. 

The active layer not only supports biological activity but also protects the un- 
derlying permafrost. The thickness of this layer is controlled by soil texture and 
moisture, thickness of the surface organic layer, vegetative cover, aspect, and 
latitude. In Arctic Cryosols, the active layer normally extends 40 to 80 cm below 
the soil surface. 

In the Arctic, Cryosols situated on sloping terrain are usually subject to mass 
displacement of soil materials as a result of downslope movement and solifiuction. 
Downslope movement is especially common in the Mid and High Arctic and can 
occur even on 1° slopes. Solifiuction occurs throughout the Arctic. 




Figure 2.3.6 A. Photograph of a clay-loam-textured Brunisolic Turbic Cryosol associated 
with an earth hummock. Note the organic-rich subsurface horizon, the intrusions of organic 
materials and organic smears resulting from cryoturbation, and the high ice content layer at 
the top of the permafrost. Tuktoyaktuk Peninsula, Northwest Territories, Canada. 

The particle-size distribution of Arctic Cryosols varies from silty clay to coarse 
gravelly sand (Table 2.3.4). The composition of the fine earth fraction commonly 
depends on the mode of deposition of the parent materials, because of their low 
rate of weathering combined with cryoturbation. The pH of Cryosols (Table 2.3.4) 
varies greatly and also depends on the chemistry of the parent materials. The pH is 
similar to that of the parent material partly because cryoturbation mixes soil mate- 
rials not only between horizons but also with the parent material. 

The nitrogen, potassium, and phosphorus contents of Arctic soils are generally 
low. Most of these nutrients are locked into compounds that form the surface or- 
ganic matter (Broil et al., 1999). Salt crusts are common on soil surfaces on the 
High Arctic islands of Canada. These salt crusts develop by translocation of salts 
from the subsurface horizons and develop during dry periods in the summer be- 
cause of increased evaporation from the soil surface. Calcareous crusts on the un- 
derside of rocks are a common phenomenon, especially in coarse-textured soils. 
Cryosols developed on fme-textured marine sediments usually have both high 
conductivity and high salt content. 
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Figure 2.3.6 B. Photograph of a sandy-textured Orthic Turbic Cryosol associated with non- 
sorted circles. Note the distorted and disrupted soil horizons resulting from cryoturbation. 
Bathurst Island, Nunavut, Canada. 



Table 2.3.6. Carbon content and carbon masses of soils in Arctic Canada (Tamocai, 2000). 



Soils 


Soil carbon content 
(kg/m^) 


Soil carbon mass 
(Gt) 


Turbic Cryosol 


27.77 


33.12 


Static Cryosol 


21.53 


5.43 


Organic Cryosol 


85.82 


4.21 


Bmnisols 


18.01 


0.26 


Regosols 


5.17 


0.0017 


Organic 


42.46 


0.01 


TOTAL SOILS 




43.04 



The total soil organic carbon mass in the Arctic is 43 Gt (Table 2.3.6) (Tamo- 
cai, 2000). Turbic Cryosols contain 79% of this carbon, followed by Static Cryo- 
sols (17%), Organic Cryosols (3%), and other soils (Bmnisols, Organic soils, and 
Regosols [1%]) (Tamocai, 2000). The soil organic carbon contents of the Arctic 
soils (both total and surface contents) are greatest in the Low Arctic and decrease 
northward. Although the surface organic horizons become thinner and very patchy 
in the High Arctic, a high amount of carbon still is stored in both the surface and 
subsurface horizons. 

In the Low and Mid-Arctic, both mineral and organic Cryosols are major soil 
organic carbon pools. In mineral Cryosols, this carbon commonly occurs as a sur- 
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face organic layer or as organic-rich mineral layers. Considerable amounts of or- 
ganic carbon also are stored in cryoturbated mineral horizons and cryoturbated 
subsurface organic horizons. In these regions, Organic Cryosols are associated 
primarily with low- and high-centered lowland polygons. The organic material is 
generally 2-2.5 m thick, especially in high-centered lowland polygons, but can be 
as thick as 10 m. 

The unique thermal characteristic separating Cryosols from all other soils is the 
presence of a perennially frozen layer within two meters of the soil surface. Be- 
cause of this frozen layer, Cryosols have a steep vertical temperature gradient. If 
these soils are associated with patterned ground, the lateral temperature gradient 
also can be large. 

For example, in the case of Cryosols associated with earth hummocks in the 
Mackenzie Delta area, during summer months the soil temperature at the center of 
the hummock can decrease from 12°C at the surface to 0°C at the 50-cm depth. 
Soil temperatures at comparable depths under the interhummock depression, less 
than one meter away, can be 5° to 7°C lower (Tamocai and Zoltai, 1978). Similar 
thermal characteristics also were found in Cryosols on Baffin Island (Mueller et 
al., 1998). Tamocai (1980, 1994, 1993) demonstrated the dynamic thermal char- 
acteristics of Cryosols, showing that freeze-back from the permafrost table could 
occur several times during the spring and during cool, snowy periods in the sum- 
mer. 



7. Summary 

Cryosols are major soils in the Canadian Arctic, with Turbic Cryosols being the 
dominant soils. 

The characteristics of various Cryosols in the Arctic depend on their parent 
materials, drainage, and thermal conditions. 

Cryogenic processes are the major soil-forming processes for Arctic Cryosols. 
Parent materials control the pH and texture of these soils. The nutrient content 
(nitrogen, potassium, and phosphoms) of Arctic Cryosols is generally low. Carbon 
content, however, is generally high, and most Cryosols act as carbon sinks. 
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1 . Introduction 

Cryosols are soils whose formation is affected by permafrost within the soil con- 
trol section. In this chapter we define Cryosol as in the Canadian System of Soil 
Classification (Soil Classification Working Group, 1998) and we use the taxa 
from that system to describe the nature and distribution of Cryosols in three non- 
Arctic regions of Canada. The boreal, subarctic, and cordillera regions extend 
across the North American continent (Figure 2.4.1) to incorporate the zone of dis- 
continuous permafrost and the southern portions of the zone of continuous perma- 
frost. 

The boreal region of Canada is a zone of closed-canopy coniferous or mixed 
forests that stretches from the Atlantic coast in the east to the foothills of the 
Rocky Mountains. Climatic conditions suitable for boreal forests define the limits 
of the region. Permafrost, and hence Cryosolic soils, are confined largely to the 
northern and western portions of this region, often referred to as the high boreal 
(Ecoregions Working Group, 1989). Cryosolic soils cover approximately 165,000 
km^ here (Table 2.4.1). 

The subarctic region of Canada is a zone of open-canopy conifer woodlands 
with tundra patches. It stretches from the Atlantic to the Mackenzie and Richard- 
son Mountains along the Yukon/Northwest Territories border. The region is an 
ecotone (i.e., transition) between the Arctic tundra to the north and the boreal for- 
est to the south. It roughly coincides with much of the zone of discontinuous per- 
mafrost in the Canada (Heginbottom, 1995). Cryosolic soils form in both mineral 
and organic parent materials in this region. 
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Figure 2.4.1. Map of Canada showing the extent of the boreal, subarctic, and cordillera re- 
gions. Outlines of the cordillera and subarctic regions follow that defined for the respective 
ecoclimatic provinces (Ecoregions Working Group, 1989). The extent of the boreal region 
on the figure is confined to high boreal ecoclimatic regions where Cryosols are known to 
occur. 

Physiography defines the extent of the cordillera region, here meaning, specifi- 
cally, the western cordillera of Canada. It includes the mountain ranges of British 
Columbia and the Yukon Territory — the Coastal Ranges and the interior systems 
of the Rocky, Columbia, St. Elias, Mackenzie, Richardson, and British Mountains, 
as well as numerous smaller ranges and intervening plateaus. A wide range of cli- 
matic, vegetative, elevational, and permafrost conditions exists here. The distribu- 
tion of Cryosols varies from isolated alpine patches in the south to over 90% of 
the landscape in the northernmost portions of the cordillera region (Table 2.4.1). 
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Table 2.4.1. Approximate areas of Cryosolic soils in the boreal, subarctic, and cordillera 
regions of Canada (values adapted from Tamocai, 2000). 



Region 


Land Area (10^ Km^) 


Area of Cryosols 


Boreal ^ 


10,851 




165 


Subarctic 


1,720 




700 


Cordillera- boreal 


710 




40 


Cordillera - subarctic 


140 




130 



^ includes only the high boreal portion of the region, the only part of the region where 
Cryosolic soils significantly occur. 



2. Cryosols of the Boreal Region 

The southern limit of permafrost runs through the boreal region over central and 
western Canada. Moderating air masses that move eastwardly onto the continent, 
from the Pacific Ocean, skew annual isotherms southeastward from the west to- 
ward Hudson Bay. Just east of the cordillera, the most southern distribution of 
Cryosols is at about 57® N, while near Hudson Bay in the center of the continent, 
this distribution extends south to 50®N latitude. From east of Hudson Bay, the 
southern boundary of permafrost follows the 51^ N latitude to the Atlantic coast in 
southern Labrador (Heginbottom, 1995). 

In much of the boreal region, Cryosols are associated mainly with peatlands 
with open cover of black spruce (Picea mariana) and ericaceous shrubs {Ledum 
and Chamaedaphm spp.) and lichens (Cladina, Cladonia, and Cetraria spp.) (Zol- 
tai et al., 1988a). The presence of permafrost produces characteristic peatland 
types; Organic Cryosols are associated with peat plateau and paisa bogs (Figure 
2.4.2). In the western portion of the region, peatlands with sporadic permafrost 
form in areas with mean annual air temperature <TC and > 250 mm annual pre- 
cipitation (Vitt et al., 1994). However an apparent disequilibrium exists between 
the southern limit of permafrost (occasionally found south of the 0®C isotherm) 
and the present climate in northwestern Canada (Halsey et al.l995). 

Active layers that are 60 to 100 cm deep characterize the Organic Cryosols of 
the boreal region. The temperature of the permafrost is only just below freezing. 
Permafrost development is cyclical, over periods as short as 600 years, such that 
both aggrading and degrading permafrost can occur contemporaneously in the 
same peatland (Zoltai, 1993). Ice content of the permanently frozen materials un- 
derlying the peat plateaus is usually >50% by volume, and clear ice lenses, occa- 
sionally tens of centimeters thick, are common. 
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Figure 2.4.2. Peatlands in the subarctic region of Manitoba, Canada. The photo illustrates a 
peat plateau bog (a), a treed horizontal fen (b), a collapse fen (c), and a collapse bog (d). 
Permafrost is continuous or nearly continuous in peat plateau bogs but is not present in 
treed fens. The collapse fens and collapse bogs, which are thermokarst peatland forms, con- 
tained permafrost some time ago, but the underlying permafrost has receded to several me- 
ters in depth or has disappeared completely. 

Most peat plateaus and paisa bogs initially developed as fens (Zoltai and Tar- 
nocai, 1971) and, as a result, the deeper peat often derives from sedges and brown 
mosses with varying quantities of woody fragments. The deeper peat usually 
ranges from slightly acidic to weakly alkaline, but highly calcareous marl-rich 
layers may also be present. The peat can be layered in sequences of bryophytic. 
Sphagnum, and sylvic peat that reflect the cyclical nature of the ecological mois- 
ture conditions associated with permafrost aggradation and decay (Zoltai, 1993; 
Vitt et al., 1994). The upper part of the control section in these Fibric and Mesic 
Organic Cryosols often consists of weakly decomposed Sphagnum moss peat, 
very strongly to extremely acidic, developed during and after the transformation 
from fen to mature peat plateau or paisa bog. 

With an increase in latitude, permafrost begins to appear in shallow peatlands 
(veneer bogs) (Mills et al., 1985) and in poorly to well drained clayey and fine 
loamy mineral deposits. Permafrost in the veneer bogs initially is confined to the 
larger Sphagnum moss hummocks and to parts with deeper peat within the veneer 
bog (Figure 2.4.3). The veneer bogs bum frequently, as wildfire is common in the 
boreal region. Moisture content of the surface peat and wind velocity control the 
impact of wildfire. When the surface peat has low moisture content, wildfire will 
consume a large part of the insulating moss and surface peat layer, frequently ex- 
posing the underlying mineral soil, thereby reducing the presence of permafrost. 
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Figure 2.4.3. Cross-section of a veneer bog in the boreal region of western Canada. 
Cryosols occur in association with scattered shallow permafrost. 

The extent of Cryosols increases with these peatlands’ maturity and with in- 
crease in latitude. These usually are classified as Terric Fibric Organic Cryosols, 
with minor areas of Terric Humic Organic Cryosols. Thus, the main characteristic 
of these Cryosolic soils is their discontinuous occurrence within veneer bogs and 
their susceptibility to thermal alteration from surface disturbance. Taxonomically, 
these soils may change very quickly from the Organic Cryosol great group to taxa 
of other soil orders. Under similar conditions, Cryosols are dominant soils in the 
plains immediately east of Fort Nelson in northeastern British Columbia, where 
peat deposits >2 m thick support Fibric and Mesic Organic Cryosols with active 
layers around 100 cm thick in conjunction with Organic soils (where active layers 
are > 100cm) over large areas of low-relief and inter-montane basins (Valentine, 
1971). 

The distribution of Cryosols in mineral soils in the northern portion of the bo- 
real region depends on drainage, the presence or absence of shallow peat, and 
vegetative cover characteristics. Permafrost generally lies below the control sec- 
tion of mineral soils. Near-surface permafrost, in association with poor drainage 
and shallow peat development, produces Gleysolic Static Cryosols and, to a lesser 
extent, Gleysolic Turbic Cryosols. 

Luvisolic soils have developed on moderately well drained clayey sites in the 
central portion of the boreal region. Permafrost will aggrade on these sites when 
mature, closed spruce (Picea mariana) stands, with thick forest floor layers, are 
present. The developing permafrost has no effect on the upper part of the soil pro- 
file, as ice content is low, and the active layer frequently exceeds 100 cm in depth. 
Evidence of cryoturbation in the control section is relic and relates to times when 
earth hummocks developed on these sites. When permafrost is present within 100 
cm of the surface, these soils are classified as Luvisolic Static Cryosols. These 
soils revert back to Luvisolic soils after wildfire or other disturbance of vegeta- 
tion. 
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In more northern areas of the boreal region under colder climate, permafrost 
distribution is not as strictly controlled by vegetative characteristics alone. The 
soils are usually classified as Brunisolic Eutric Turbic Cryosols, as cryoturbation 
is more evident (although it may be largely relic), active layers are shallower, up- 
per permafrost ice content is higher, and Luvisolic features are weak (Veldhuis et 
al, 1990). 

Cryosols are generally absent from well drained coarse loamy and sandy parent 
materials throughout the region, as both the depth of the moss and surface humus 
layers and stand density are insufficient to induce permafrost development. 
Cryosols generally are not found in boreal areas of eastern Canada, due to the in- 
sulating effects of deeper snow cover. 



3. Cryosols of the Subarctic Region 

The subarctic region forms the transition between the closed coniferous stands of 
the boreal region and the treeless tundra of the Arctic region. The subarctic region 
covers approximately 3.3 million km^ and extends from Labrador on the Atlantic 
coast to the Mackenzie Delta on the coast of the Arctic Ocean (Figure 2.4.1). Lati- 
tudinally, the Subarctic region extends from 48® to 58® N in Labrador, from 53® to 
55®30' N south of Hudson Bay, and from 62® to 69® N east of the cordillera. This 
vast region contains soil parent materials derived from various geological sources, 
with a resultant wide range of chemical and physical properties. 



Table 2.4.2. Comparison of climatic variable for eastern (humid) and western (subhumid) 
portions of the subarctic region. (Adapted from Zoltai et al. 1988b). 



Location 


No. of 
stations 


Mean 
annual 
temp (®C) 


Mean daily 
July temp 
(“O 


Mean daily 
January 
temp ("C) 


Mean 

annual 

snowfall 

(cm) 


Western subarctic 
(subhumid) 


5 


-9.1 


13.4 


-30.1 


130 


Eastern sub- 
arctic (humid) 


5 


-5.4 


11.5 


-24.1 


280 
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Climatic conditions of the subarctic region vary considerably east and west of 
Hudson Bay. Winters are colder, with less snow cover in the western subarctic 
(Table 2.4.2). These conditions are conducive to the formation and maintenance of 
near-surface permafrost, such that Cryosols form in both organic and mineral par- 
ent materials. 

On the other hand, in the more humid eastern portion of the region, warmer 
winters with deep snow pack cool the soil less. Height of vegetation controls the 
distribution of Cryosols along the coast of eastern Hudson Bay. Near-surface 
permafrost is only maintained under low-growing vegetative communities of 
mosses and lichens that collect no more than 50 cm of snow during the winter 
(Allard et al., 1996; Menard et al., 1998). Cryosols are most common in peatlands 
locations (Payette et al., 1975). Mineral soils of the subarctic of eastern Canada 
tend to have Brunisolic or even Podzolic development. 

While peatlands occur throughout the region, they are the dominant terrain 
cover in the lowlands southwest of the Hudson Bay and are widespread through- 
out the plains of the Mackenzie Valley in the extreme northwestern subarctic. 
Peatlands occupy less than 25% of the eastern subarctic of Quebec and Labrador, 
where Precambrian bedrock outcrops extensively (National Wetlands Working 
Group, 1986). In the southern part of the subarctic region, Fibric and Mesic Or- 
ganic Cryosols are associated with peat plateau bogs, paisa bogs, and patterned 
fens (Zoltai and Tamocai, 1975), while, in the northern portions, these soil types 
occur on polygonal peat plateau bogs and patterned fens (Zoltai et al., 1988b). 

Permafrost is extensive in peatlands of the northern subarctic, where active lay- 
ers are generally between 40 and 50 cm deep (Zoltai and Tamocai, 1975). Soil 
temperatures of -0.7 ‘^C (annual range from -0.1 to -7.5) at 50 cm and -1.6®C (an- 
nual range -0.3 to -6.0) at 100 cm have been reported for a polygonal peat plateau 
bog near Inuvik, adjacent to the Mackenzie River delta (Tamocai, 1984; Tamocai 
et al., 1993, site 1). 

The mineral soil parent materials in the region derive from two distinct geo- 
logical sources. Sandy and coarse loamy acidic parent materials derive from the 
igneous bedrock of the Precambrian Shield that underlies most of the region. The 
sandy and coarse loamy soils that lack significant silt generally do not support 
Cryosolic development, although permafrost is widespread. As cryoturbation is 
weak or lacking and active layers extend well below the control section depth of 
100 cm, these soils are classified as Bmnisols. 

Coarse loamy soils having significant silt content show marked cryoturbation, 
are classified as Turbic Cryosols, and are associated with various forms of pat- 
terned ground. Also, Gleysolic Static and Turbic Cryosols are widespread in 
poorly drained areas with thin peaty surfaces. Calcareous, fine loamy, and clayey 
parent materials derive from the sedimentary geological strata that underlie the 
plains in the northwestemmost portions of the region. 

Patterned ground (in the form of earth hummocks) is extensive on clayey and 
fine loamy materials, while circles and nets of various types are widespread on 
coarse and fine loamy materials. Ice wedge polygons are associated with coarse 
loamy and sandy deposits. 
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Earth hummocks, a feature of mineral soils underlain by near-surface perma- 
frost, are common in the Mackenzie River valley in the western portion of the re- 
gion (Tamocai and Zoltai, 1978). Zoltai (1975) found that ground heave is peri- 
odic and speculated that it likely related to higher than normal fall temperatures 
and precipitation. The soils associated with these earth hummocks are Orthic and 
Brunisolic Eutric Turbic Cryosols; the latter largely are associated with low- 
activity earth hummocks. Also, Histic subgroups of Turbic Cryosols are present 
where activity has been low and an organic surface layer has developed. 

On coarse to fine loamy textured till circles, stripes, steps, and nets occur. The 
associated soils are Regosolic, Eutric, and Dystric Turbic Cryosols, depending on 
the extent of differentiation of horizons and of parent material’s characteristics. 
Orthic Turbic Cryosols occur along the edges of the circles, nets, and stripes 
where some B horizon is usually present although the centers of the circles, and 
stripes may lack any B horizon development and consist solely of C material. 

In the Mackenzie Delta, deposition of fine loamy alluvium leads to the devel- 
opment of sequences of Cryosols according to relative elevation and age of depo- 
sition (Figure 2.4.4). Along active channels, permafrost is lacking and the soils are 
poorly drained and classified as Rego Gleysols. This strip is bordered by a strip of 
imperfectly drained Cumulic Regosols, with permafrost just below the control sec- 
tion. 

Moving farther back from the active channel, the active-layer depth decreases 
to less than one meter and soils are classified as Regosolic Static Cryosols, with a 
typical mean annual soil temperature in the range of -3.5°C at 50 cm deep (Tamo- 
cai et al., 1993, site 3). Soils on the oldest delta surfaces exist at about six meters 
above the late summer water level in the channel. These soils are typically well 
drained Regosolic Static Cryosols with a well developed litter layer. The perma- 
frost has low ice content, the permafrost table occurs at a depth of around 35 cm, 
and the MAST at 50 cm is between -3.0 and -3.5®C. 
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Figure 2.4.4. Cross-section showing vegetation, soil, and permafrost conditions for an eco- 
system sequence in the Mackenzie River delta in the extreme northwestern portion of the 
subarctic region. 



4. Cryosols of the Cordillera Region 

In addition to macro-climate and site, elevation is a major determinant in the pres- 
ence and distribution of permafrost and therefore Cryosolic soils within the moun- 
tainous region of western Canada. As a result of high elevations in western North 
America, permafrost occurs as far south as 35Tvi (International Permafrost Asso- 
ciation, 1997), and pergelic soils (possibly equivalent to Cryosolic soils) occur at 
elevations >3500 m asl as far south as the state of Colorado at 39^ (Bockheim 
and Bums, 1991). 

The western cordillera region of Canada extends from the Canada-U.S. border 
at 49^ latitude to the Arctic Ocean at approximately 70®N latitude. The total area 
of the region is approximately 1 .2 million km^; however, Cryosolic soils occur 
significantly only in the northern portion of the region, namely the northern boreal 
cordillera and the subarctic cordillera subregions (Ecoregions Working Group, 
1989). 

Permafrost underlies much of the northern half of the region from about 57®N 
latitude northwards. South of this latitude, isolated patches of permafrost exist in 
high elevation (>1600 m asl) alpine and sub-alpine environments (Heginbottom, 
1995). 
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Figure 2.4.5. Map showing the soil landscapes in the cordillera region where Cryosols are 
the dominant form of soil development. Cryosols also occur as minor soils in the southern 
Yukon and northern British Columbia and occur sporadically at high elevations in the 
Rocky Mountains south of 55° N latitude. 




S. 2 Ch. 4 Cryosols of . . . Canada 



129 



The central portion of the cordillera region lies within the sporadic and exten- 
sive discontinuous permafrost zones, where Cryosolic soils occur to a limited ex- 
tent at lower elevations under forested conditions as well as at higher elevations. 
Cryosols become the dominant soil on the landscape north of 64^ latitude under 
subarctic woodland and tundra vegetation (Figure 2.4.5). In the cordillera region, 
this latitude roughly corresponds to the southern limit of continuous permafrost. 



4.1 . Distribution of Cryosols in the southern portion of the region 

Widely scattered Cryosols are associated with some of the isolated patches of al- 
pine permafrost of the Interior Ranges of British Columbia and the Rocky Moun- 
tains of southern British Columbia and Alberta. These typically occur at elevations 
above 2000 m asl. Soils exhibiting evidence of active and relict solifluction (gelif- 
luction) have been described in the Taseko Lakes area of the Coast Mountains 
(Valentine et al., 1987; Tamocai and Valentine, 1989). 

Farther east, in the Front Ranges of the Rocky Mountains in Banff and Jasper 
National Parks in southwestern Alberta, Achuff and Coen (1980) observed 
Cryosolic soils in localities within the upper subalpine forests (1880 to 2200 m 
asl) with annual mean temperatures of between -1 and -2°C. They attributed the 
scattered distribution of Regosolic and Brunisolic Static Cryosols in this area to 
low winter snow coverage, steep (40 to 60%) north-facing aspects, deep forest 
humus layers (up to 40 cm), and canopy coverage of subalpine fir (Abies lasio- 
carpa) and spruce (Picea engelmannii). Their description of strongly mounded 
surfaces and “a drunken forest appearance” would seem to indicate that Turbic 
Cryosols are also present in this environment. 

Harris (1998) reports non-sorted circles from a xeric alpine site between 2250 
and 2500 m asl on Plateau Mountain, also within the Front Ranges of the Rocky 
Mountains in extreme southwestern Alberta west of Calgary (Figure 2.4.5). While 
the soils associated with this patterned ground would have many of the properties 
of Turbic Cryosols, Harris reports active layers of 2.5 to 3.0 m in depth. Active 
layers within bedrock and surface unconsolidated sediments may exceed 10 m in 
thickness in many of the alpine areas in the southern portions of the region, which 
relegates these soils to non-Cryosolic status. Although mean annual air tempera- 
tures are quite cold (-2.3 to -2.5®C), these common xeric alpine sites tend not to 
support insulating humus layers which can preserve a permafrost table within the 
soil control section. 

Strong outflow winds remove insulating snow cover, which leads to the devel- 
opment of Turbic Cryosols at latitudes between 53° and 54°N in some subalpine 
valleys at >1400 m asl in the Rocky Mountain foothills of Alberta (Brown, 1980). 
These Cryosols are associated with mineral soils of raised micro-relief, covered by 
both sedge (Carex aquatilis, C. vesicaria) and spruce (Picea glauca x engelman- 
nii) vegetative communities in exposed flood plain locations. 
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4.2. Distribution of Cryosols in the northern boreal cordillera 

Cryosolic soils have a common but subdominant presence on low elevation land- 
scapes in the cordillera between about 58® and 63® N latitude, boreal forests com- 
posed of Picea marianna, Picea glauca, Pinus contorta, and Populus tremuloides 
cover most of the discontinuous permafrost zone in the region. Minor occurrences 
of mineral Cryosols occur throughout northern B.C. in the Rocky Mountains, Sti- 
kine Mountains, and Spatsizi Plateau areas (Luttmerdig et al., 1995). 

Farther north, cooler temperatures and lower precipitation lead to more com- 
mon occurrences of mineral Cryosols in the southern Yukon between 60® and 63® 
N latitude. Using geophysical techniques, Seguin et al. (1999) estimated that near- 
surface permafrost underlies 30% of subalpine and alpine areas (1200 to 1800 m 
asl) in a small mountainous watershed near Whitehorse (Figure 2.4.5). Active lay- 
ers were thickest in the alpine zone, due to less insulating snow and surface cover. 
Much of the active layer is often within bedrock, and Cryosolic soils are intermit- 
tent in this zone. Turbic Cryosols are a minor component of most middle and 
lower elevation landscapes here (White et al., 1992). Most of the parent materials 
are calcareous, leading to high base status soils (Orthic Eutric Turbic Cryosols). 
Many of the Cryosols of southwestern Yukon are composed, at least in part, of 
unweathered Holocene tephra (Smith et al., 1999). 

Mean annual soil temperatures at 50 cm deep in low elevation Cryosols of this 
zone vary from -0.6® to -1.5® C (Smith et al., 1998). Due to low annual precipita- 
tion (200 to 270 mm), and in sharp contrast to the boreal and subarctic regions of 
Canada, peatlands, and associated Organic Cryosols are largely absent from the 
northern boreal cordilleran region. Instead, marl-rich Gleysolic Turbic Cryosols 
dominate many wetlands. In these non-peaty wetlands, palsa-like formations occur 
in mineral soil and led Harris (1993) to propose the term “lithalsas” for these fea- 
tures (see also Seppala, 1980). In the extreme southeastern Yukon, Fibric Organic 
Cryosols commonly are associated with bog landforms. 

As elsewhere in the zone of discontinuous permafrost, wild fires are a major 
controlling factor where near-surface permafrost occurs on forested portions of the 
landscape (Swanson, 1996). Low precipitation in southern Yukon fosters exten- 
sive forest fires that indirectly control the thickness of active layers. In the Takhini 
Valley near Whitehorse, Cryosolic soils with an active layer of 1.5 m underlie un- 
bumed forest, while adjacent sites burned in 1958 had active layers 3.5 m deep 
(Bum, 1998). The presence of Turbic Cryosols on the plateau region of the central 
Yukon between 63® and 64® N latitude relates to surface organic horizons that are 
>10 cm thick and maintain summer moisture content >25% (gravimetric) (Wil- 
liams and Bum, 1996) . 

Aspect also can have a profound effect on distribution of Cryosols at this lati- 
tude (Figure 2.4.6). South- and west-facing slopes support non-Cryosolic soils 
(usually Bmnisols), and north- and east- facing slopes support the development of 
Turbic Cryosols under thick moss carpets of Sphagnum and sedges (Tamocai et 
al., 1993, site 28). Detailed soil mapping in the Klondike Valley near Dawson City 
revealed that all but the most active flood plains of major rivers supported Cryoso- 
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lie soils with active layers as shallow as 30 cm under mature spruce (Picea glauca 
and P. marianna) forest (Tamocai et al., 1993, site 25). 



4.3. Distribution of Cryosois in the subarctic cordiiiera 

Subarctic (taiga) woodlands of primarily open stands of Picea mariana character- 
ize the subarctic vegetation of the western cordillera. The presence of this subarc- 
tic woodland corresponds closely to the southern limit of continuous permafrost in 
the region. 

The subarctic vegetation extends from about 65^^ to 69® N latitude, just south of 
the coast of the Arctic Ocean (Figure 2.4.1). Mean annual air temperatures range 
between -5® and -10®C in the valley and lowland areas between major mountain 
ranges in the northern portion of this region. Cryosols are the dominant soils of the 
cordillera region north of 65®N latitude (Centre for Land and Biological Re- 
sources, 1996). Mean annual soil temperatures (at a 50-cm depth) of some moni- 
tored low elevation Cryosols in this region vary from -2.5 to -2.6®C (Smith et al., 
1998). 
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Figure 2.4.6. Landscape cross-section from the Klondike Valley near Dawson City, Yukon 
(64° 3' N, 139° 26' W), illustrating the influence of aspect on the distribution of Cryosols in 
the zone of discontinuous permafrost (adapted from Tamocai et al., 1993). 
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Figure 2.4.7. A typical Histic Eutric Turbic Cryosol formed in finely textured parent mate- 
rial under a Picea mariana woodland, northern Yukon Territory. The profile consists of a 
15-cm thick surface peat layer overlying highly cryoturbated Ahy and Bmgjy horizons. The 
markers illustrate the permafrost table, which undulates at about 40 cm deep. The tape 
measure is delineated in 10-cm intervals. 

Tamocai et al. (1993) and French and Heginbottom (1983) have summarized 
permafrost conditions and soil development in the mountains and plateaus of the 
northern Yukon and adjacent Northwest Territories. Orthic Eutric Turbic Cryosols 
predominate in the region (Figure 2.4.7). They formed on a variety of parent mate- 
rials, many of which are calcareous. Active layer thicknesses are typically less 
than 100 cm and often less than 50 cm in mineral soils, depending on the thickness 
of surface organic layers. 

Peatlands are common in the large inter-montane basins of northern Yukon 
(Zoltai et al., 1988b). Fibric Organic Cryosols are common, with active layers less 
than 50 cm. In the Ogilvie Mountains (Figure 2.4.8) at elevations >800 m asl be- 
tween 64® and 65®N latitude in Yukon, paisa bogs, open system pingos, ice wedge 
polygons, seasonal frost mounds, thermokarst ponds, earth hummocks, sorted cir- 
cles, and rock glaciers associated with Turbic and Regosolic subgroups of 
Cryosols occur (Kennedy and Smith, 1999). 

Sorted patterned ground is widespread in alpine areas (Regosolic Static 
Cryosols) where active layers may be up to 1.5 m deep. Much of the bedrock is 
calcareous in this region, and most of the Regosolic Turbic Cryosols associated 
with non-sorted circles and related patterns are alkaline in reaction. Many of the 
alpine and subalpine soils of this region contain calcareous, organic matter-rich 
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surface horizons that are Rendzina-like (Schrier and Lavkulich, 1985) and support 
unique assemblages of soil fauna (Smith et al., 1990). 

In the northernmost sections of the region, mountain ranges and plateau re- 
mained unglaciated during the Pleistocene. Lauriol (1990) and Lauriol et al. 
(1997) described the formation of cryoplanation terraces in the ranges of the 
northern cordillera. Associated soils are usually classified as Turbic Cryosols with 
active layers often between 1 and 2 m deep. Well developed pediment surfaces 
(French and Harry, 1992) support finely textured Orthic Eutric Turbic Cryosols 
and Gleysolic Turbic Cryosols with shallow (< 50 cm) active layers (Welsh and 
Smith, 1989). Surface organic layers on pediment slopes tend to be extremely 
acidic (see Tamocai et al., 1993, stop 12). 




Figure 2.4.8. Vegetative communities illustrating the pattern of widespread discontinuous 
permafrost in the Ogilvie Mountains, Yukon. Active floodplains are permafrost free and 
support forests of Picea glauca. North- facing slopes (far side of the valley) and depres- 
sional valley bottom sites support tussock (Eriophorum vaginatum) tundra over shallow ac- 
tive layers. South- and west- facing slopes support mixed stands of Picea glauca and Picea 
mariana over active layers 75 to 200 cm deep. Sorted patterned ground predominates alpine 
areas. 
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5. Summary 

As with all soils, development of Cryosols is a fiinction of climate, relief, biologi- 
cal activity, and parent geological material. However, regions largely south of the 
tree line, such as those this chapter describes, show a particularly strong temporal 
component to their formation. Permafrost in these regions is warm, typically just 
below 0®C, and surface disturbances, most typically forest fires, influence the 
depths of active layers. 

Soil properties such as texture, thickness of surficial organic material, drainage, 
and landscape (site) characteristics exert strong influences on the spatial and tem- 
poral distribution of Turbic and Static Cryosols in mineral soils, while cycles of 
aggradation and thaw in peatlands produce a similarly complex distribution of Or- 
ganic Cryosols. In all but the most northerly reaches of the subarctic region, soils 
may oscillate in and out of the Cryosol order over time scales of several hundred 
to several thousands of years, due to natural surface disturbances (e.g., forest fires, 
erosion). 

The Cryosols of the boreal, subarctic, and cordillera regions of Canada are 
highly susceptible to anthropogenic disturbances, including the effects of climate 
change, which has been projected to produce significant warming of these regions 
over the next century (Hengeveld, 2000). 
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1. Introduction 

The Russian Arctic archipelagos, nearby isolated islands, and Spitsbergen are the 
main areas of High Arctic landscapes in the Eastern hemisphere. They include the 
large archipelagos of Novaya Zemlya, Severnaya Zemlya, and the New Siberian 
Islands, the northernmost but smaller Franz Josef Land archipelago, and several 
singular islands, including Wrangel, Vaigach, Belyi, Ayon, Kolguev Islands, and 
many smaller ones (Figure 2.5.1). Pedologists initiated their studies in the 1920s 
and visited almost all the archipelagos and large islands. These Russian northern 
islands later were mapped as part of a number of different small-scale soil map- 
ping projects, compiled by extrapolating scarce field data, using remotely sensed 
images. 

Tedrow reviewed a portion of the soil data from these regions during the 1970s 
(Tedrow, 1977). However, most data of that time were published only in Russian 
and were not known internationally. Soil investigations since then also were pub- 
lished mostly in Russian. However, the information on these soils is very impor- 
tant to understanding Arctic soil geography and for compiling circumpolar and 
global soil maps, databases, and classifications. 

This chapter systematically reviews the soils and their distribution on the Rus- 
sian Arctic archipelagos on the basis of published and unpublished field data. We 
discuss soil-forming factors, including parent material, landscape, and climate, 
and we describe the major components of the soil landscapes. We then describe 
the nature of the soil cover for each major island or archipelago in the region. 
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Figure 2.5.1. The geographic distribution of Russian Arctic archipelagos and islands. FJL 
- Franz Josef Land, NZ - Novaya Zemlya, K - Kolguev, V - Vaigach, B - Belyi, SZ - 
Severnaya Zemlya, NSI - New Siberian Islands, A - Ayon, W - Wrangel Island. 



2. Soil-forming Factors in the Russian Arctic 
Archipelagos 

The information here on soil-forming factors in the region is based on relevant 
monographs (Gerasimov, 1970; Goryachkin et al., 1994) and books (Ignatenko, 
1979; Karavaeva, 1969) on soils of the archipelagos. 



2.1 . Landforms 

With respect to geological and relief characteristics, all the islands of the Russian 
Arctic can be divided into 2 large groups: 

1 . Islands composed of mountains with large areas of ice caps and rock outcrops 
and relatively narrow strips of marine terraces along the coasts 

2. Islands composed of plains with marine, glacial, eolian and lacustrine relief 
forms and sediments. 

The islands of Novaya Zemlya, Severnaya Zemlya, and Wrangel and most of 
the Franz Josef Land islands belong to the first group. New Siberian Islands (with 
some exceptions), Kolguev, Belyi, Ayon, and some islands of the Franz Josef 
Land archipelago are in the second group. Vaigach and Kotelnyi Island (New Si- 
berian archipelago) have the relief and substrate features of both groups; plains 
and rocky uplands occupy almost equal territory on each. 

Periglacial landforms exist on all of the islands of the Russian Arctic. On 
mountainous islands, the sorted and non-sorted nets, stripes, and polygons are 
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characteristic features. Paisas, low-center polygons, peat plateaus, solifluction ter- 
races, hummocks, and patterned ground are widespread on islands dominated by 
plains. Very specific features of baydzherakhs (residual mounds, caused by the 
degradation of ice-wedge polygons) occur in New Siberian Islands (see below). 

The parent materials of mountainous Arctic islands’ soils are rock debris, stony 
and/or gravelly marine, and glacial sediments of different lithologies. Substrates 
derive mainly from schists, sandstones, limestones, and also basalts and dolerites. 
The unconsolidated surficial materials on the low-relief islands are mostly silty 
loams, but clayey substrates and sands also exist. 



2.2. Climate 

All the islands of the Russian Arctic have a cold, humid climate. But many cli- 
matic characteristics differ from south to north and from west to east. The attrib- 
utes of summer climate vary mainly from south to north, while winter conditions 
vary more from west to east. 

Mean annual temperatures on the Arctic Islands vary from -2.TC (Kolguev Is- 
land) to -15®C (Kotelnyi Island, New Siberian islands). However, the difference in 
mean July temperatures between these two islands is only 4®C (6.6 and 2.6^C, re- 
spectively), while the difference between their January temperatures is much 
greater (-9 and -31®C, respectively). This is due to the strong influence of warm 
North Atlantic oceanic currents on the western part of the Russian Arctic and the 
effect of the very cold Siberian high-pressure systems on the New Siberian Islands 
during the winter. 

The easternmost Arctic Islands are under the influence of air masses from the 
Pacific Ocean. For instance, Wrangel Island has a -23®C mean temperature in 
January and -10°C mean annual temperature. In general, summer (July) tempera- 
tures decrease from south to north, with July temperatures of 6.6®C for Kolguev 
Island and l.O^C for the Severnaya Zemlya and Franz Jozef Land archipelagos. 

The mean annual precipitation in the Arctic varies from 133 mm on the New 
Siberian Islands to 300 mm for Vaigach and Novaya Zemlya. These values are at 
least twice as large as the evapotranspiration rate for these regions. The evapora- 
tion is very low, due to low temperatures and high relative air humidity (70 to 
90%). However, in high latitudes, most of the precipitation is snow, even in sum- 
mer. The strong winds redistribute snow, resulting in snowless hills adjacent to 
deep accumulations of snow in valleys and depressions. Additionally, the Arctic 
islands are well known for their strong winds, especially Novaya Zemlya and 
Pevek Bay where Ayon Island is located, where winds can reach 70 to 80 m/sec. 

Almost all the climatic data were gathered at meteorological stations situated 
along seacoasts. The interior regions of the larger islands are no doubt drier, with 
more pronounced continental effects (warmer in summer and colder in winter). 

Russian Arctic islands lie within the zone of continuous permafrost. The depth 
of the active layer varies greatly from island to island and from site to site. Gener- 
ally, active layers vary from about 30 to 80 cm deep, but at some ecotopes (sites) 
of Kolguev, Vaigach, and Novaya Zemlya, it can reach 1.5 to 2 m deep. 
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2.3. Vegetation 

The vegetative cover of the Arctic Islands is one of tundra and High Arctic bar- 
rens. Dwarf-shrub-mossy tundra with widespread sedge-moss wetlands dominate 
Kolguev and Ayon Islands. Willow stands are typical for river valleys of Kolguev 
Island. Herbaceous and moss-herbaceous tundra are the vegetative covers of Vai- 
gach, Novaya Zemlya (Southern Island), Belyi, Wrangel Island, and most of the 
New Siberian archipelago. Scarce and impoverished moss-lichen vegetation with 
sparse flowering plants is typical for the High Arctic barrens of Novaya Zemlya 
(Northern Island), Franz Josef Land, and Severnaya Zemlya. 



2.4. Ecological zones 

Soil-forming factors on the Arctic islands vary from place to place, due to the ef- 
fects of aspect, wind and solar radiation, specific coastal influences, the fine-earth 
content in stony substrates, the possibility of eolian sea spray, and various other 
factors. The result is a great diversity of soils and complexity of soil distribution in 
the Arctic archipelagos and islands. 

Based on climatic and vegetative parameters, all of the Russian Arctic islands 
can be related to three ecological zones: 

1 . High Arctic barrens 

2. Mid Arctic tundra 

3. Low Arctic tundra. 

The islands of the Mid and Low Arctic also can be divided into three sectors: 
west, central, and east. Table 2.5.1 describes the distribution of island or archipel- 
ago by ecological zone and sector. 



Table 2.5.1. Distribution of Russian Arctic Islands by ecological zones. 



High Arctic 
Barrens 


Mid-Arctic Tundra 

West Central 


East 


Low Arctic Tundra 

West 


Franz Joseph 
Land 


Vaigach 


New Sibe- 
rian Islands 


Wrangel 


Kolguev 


N. Island of 
Novaya Zemlya 


S. Island of 

Novaya 

Zemlya 


Ayon 






Severnaya 

Zemlya 


Belyi 









3. Overview of Major Soil Units 

The predominant components of most of the Arctic islands’ soil landscapes are 
rock outcrops and rock debris; soil cover is discontinuous. However, various types 
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of Cryosols have developed. Tables 2.5.2 and 2.5.3 present morphological and 
chemical data for several reference profiles. These profiles do not represent the 
complete variability of soils in the study area, and additional field studies and 
sampling are required to fully characterize the variables. 

The soil taxa, typed in normal font within the text, are taken from the national 
Russian soil map, scale 1:2.5 M., Fridland (1988). Those in italicized text are taxa 
according to the World Reference Base (WRB) (ISSS Working Group RB., 1998.) 

The Russian Arctic soils taxa include a large group of soils of high latitudes. 
They are well drained soils of variable textures with humic horizons 5 to 30cm 
deep. Mikhailov (1970) divided Arctic soils into Arctic desert, Arctic typical (low- 
and high-humic), and Arctic structure soils. They could correlate with the WRB 
subgroups Humi-Turbic Cryosols, Umbri-Turbic Cryosols, Turbi-Leptic Cryosols, 
and Lithic Leptosols. 

The high latitude soils differ from soils of the more southerly regions of the 
Arctic, as they are well drained and show an absence of stagnic and gleyic fea- 
tures. Gleyic and stagnic features are also absent in Arctic hydromorphic non- 
gleyic soils (Oxyaqui-Leptic Cryosols) of northernmost archipelagos (Tables 2.5.2 
and 2.5.3). The lack of reduction could result from low microbiological activity, 
oxygen-saturated melt water, high pH, and basaltic parent material. However, 
even in high latitudes, some ecotopes occur with the potential of water stagnation 
where the Arctic gleyzems (Gleyic Cryosols), with thin peat horizons over gleyic 
mineral masses, can form (Mikhailov, 1973; Karavaeva, 1969). 

The soils that are widespread on all the Arctic islands, except the northernmost 
Franz Josef Land and Severnaya Zemlya, are Arctic tundra weakly gleyic humic 
soils (Stagni-Turbic Cryosols). On Vaigach Island are soils with a high content 
(1.6%) of water-soluble salts in the uppermost 5 cm of non-sorted circles (Ig- 
natenko, 1967), while the profile under vegetation has a low pH and is salt- free 
and almost calcite-free (Table 2.5.3). These soils have thin litter, if any, and the 
dark humic horizon and grayish brown mineral horizons have weakly pronounced 
stagnic features. 

Typically, the soil cover of the Arctic islands include weakly gleyic humic soils 
in complex with poorly drained Arctic gleyzems {Gleyic Cryosols) and Peaty bog 
gleyzems {Turbi-Fibrihistic Cryosols [GleyicD with histic horizons formed over 
gleyic gray-olive mineral subsoils. The transitional soils between them are Arctic 
tundra and tundra peat and mucky gleyzems {Gleyi-Turbic Cryosols) with thin 
peat or mucky horizons and underlying gleyic layers. Tundra peaty gleyzems - 
Turbi-Fibrihistic Cryosols {Stagnic or Gleyic) - are common soils for the tundra 
of the Eurasian continent. 




Table 2.5.2. Morphological features of the major soils of the Russian Arctic islands and ^chipelagos. 

Horizon Depth (cm) Color Moisture Status Texture Structure Pedofeatures Roots 

Arctic soil (Humi-Turbic Cryosol) -profile 63 (Mikhailov, 1967), Faddeevsky island. New Siberian Islands, flat surface, herbaceous comma- 
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Table 2.5.2. (cont.) 

Horizon Depth (cm) Color Moisture Status Texture Structure Pedofeatures Roots 

Arctic tundra weakly gleyic humic soil (Stagni-Turbic Cryosol) -p.39, 38 (Ignatenko, 1967), Vaigach Island, flat hill summit 
with patterned ground, herbaceous-sedge-polar willow-moss community, barren non-sorted circles -18-20%, troughs — 8% 
of the area. 
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Table 2.5.2. (cont.) 

Horizon Depth (cm) Color Moisture Status Texture Structure Pedofeatures Roots 

Peaty bog Gleezem (Turbi-Histic Cryosol) p. 5 (Ignatenko, 1967), Vaigach Island, large flat depression, peat pool, sedge 
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Table 2,5.3. Giemical properties of soils of Russian Arctic islands and archipelagos. 
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Well drained sandy soils occur in all three zones: the High Arctic barren zone, 
the Mid Arctic tundra zone, and the Low Arctic tundra zone. In the High Arctic 
barrens, they are classified as Arctic Soils, whereas in the Mid Arctic and Low 
Arctic Zones, they are classified as Podburs and Podzols {Enti-Spodic Cryosols or 
Spodi-Turbic Cryosols). These well drained sandy soils are distinctive for having a 
well developed spodic horizon, which could be under an albic horizon (Podzols) 
or directly under litter and an AO horizon (Podburs), the common situation when 
the transitional Podzolized podbur occurs (Table 2.5.2). These soils are well 
drained, but those with a shallow permafrost table, such as those found on Belyi 
Island, may have gleyic features because of water stagnation in the frozen ground. 

As the Arctic islands consist mainly of sedimentary rocks, calcareous soils of- 
ten are a component of the soil landscapes of Novaya Zemlya, Vaigach, Severnaya 
Zemlya, and especially Wrangel Island. According to formal criteria, these soils 
can belong to Rendzic, Mollic, and Calcaric Leptosols. They have a dark upper 
horizon which, depending on the local environmental conditions, can be humic 
(even mollic), mucky, or dry peat. Usually, these profiles include limestone debris, 
while the fine earth in mineral horizons can have a low calcite content (Table 
2.5.3). 

In spite of the fact that Arctic islands have many poorly drained soils, the 
Peaty-bog soils {Histosols) are not widespread here because of shallow peat hori- 
zons induced by low bioproductivity. The Histosols occur only on the warmest is- 
land, Kolguev Island, and in some landscape localities of the other archipelagos, 
where there is additional input of nutrients due to factors such as gradual slopes, 
valleys, and bird rookeries. All the Histosols of the Arctic belong to Cryic sub- 
groups, including Eutri-Cryic, Sapri-Cryic, Fibri-Cryic, Dystri-Cryic, and Foli- 
Cryic Histosols. 

Alluvial acid soils (Dystric Fluvisols and Fluvic Cryosols) and Alluvial bogged 
soils {Histic Fluvisols, Gleyic Fluvisols, and Fluvi-Histic Cryosols) are the com- 
mon soils on flood plains of large rivers. Marshy saline soils {Salic Fluvisols and 
Fluvi-Salic Cryosols) occur widely in the tidal zone of the Arctic Ocean. In these 
coastal marine and riparian environments, non-permafrost soils (body of unfrozen 
ground) can substitute for Cryosols, as taliks are a common feature. 



4. Soil Cover and Distribution on Russian Arctic Islands 

4.1 . Franz Josef Land 

Franz Jozef Land is the northernmost archipelago of the Eastern hemisphere. It is 
mostly mountains of basalt, but some of its islands are denuded plains covered 
with Mesozoic quartzite sands. Glaciers occupy the major part of this archipelago. 
Much of the ice-lfee area is without soil development because of the recent age of 
marine terraces and glacial till. The majority of the ice-free area contains rocky 
outcrops, and/or stony material, and eolian sands. On sites with the most favorable 
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conditions for vegetative growth, such as wind shadows, south oriented slopes, or 
rookeries, there is complete soil and vegetative cover. 

Mean temperatures of the archipelago are -lO^C for the year, +0.7 to 1.2°C for 
July, and -22 to -26^ C for March. There are 200 to 300 mm of precipitation annu- 
ally, mainly snow. Impoverished vegetation of the High Arctic barrens (polar de- 
sert) is characteristic. 

Ivanov (Ivanov, 1933), Mikhailov (Mikhailov, 1970, 1973; Mikhailov and Go- 
vorukha, 1962), and Vostokova (Vostokova and Goryachkin, 1999) studied the 
soils of Franz Josef Land. All the pedologists classified these soils as Arctic soils. 
They have a 30- to 80-cm active layer, high organic carbon content (1.5 to 6%) for 
the whole depth of the active layer, high organic content of the total profile (15 to 
16%), extractable forms of Fe due to basalt parent material, a lack of stagnic and 
gleyic features, and high base saturation of the soil exchange complex. 

Depending on the character of the organic horizons, these soils can correlate to 
Humi-Turbic Cryosols and Umbri-Turbic Cryosols. The latter are the soils of the 
warmest site conditions mentioned above. If these soils are developed from rocky 
and stony substrates, they are Leptosols. Note that the Arctic soils of Franz Josef 
Land occur mainly under moss-lichen vegetation overlying cryogenic cracks. The 
soils are in complex with “film-like” soils under cryptogamic crusts and barren 
substrates. 

Normally, mature soils occupy only 10 to 30% of the total surface of the plains 
and 1 to 5% of mountains and areas of eolian sands. The high organic matter con- 
tent of Arctic soils occurs, in spite of the very low productivity of high latitudes, 
because of its accumulative character through the mass displacement of fine earth 
and organic remnants (residuals) from the spots (circles or nets) to cryogenic 
cracks (troughs) and their subsequent involvement in soil-forming processes 
(Vostokova and Goryachkin, 1999). 

In addition to rock outcrops and Arctic Soils, the soil landscape of Franz Josef 
Land archipelago also contains Arctic hydromorphic non-gleyic soils (Oxyaquic 
and Oxyaqui-Leptic Cryosols), which are permanently over- saturated soils found 
in hollows containing oxygen-rich water from snow melt. 



4.2. Novaya Zemlya 

The mountainous archipelago, Novaya Zemlya, is in the European part of the 
Russian Arctic. Its two large islands (Northern and Southern) extend from north to 
south for approximately 1000 km. As a result, the northern and southern regions 
have different climates and vegetation. The mean July temperatures range from 
+2.5^C in the north to +6.6®C in the south. Mean January temperatures range from 
-20.4®C in the northeast to -14®C in the southwest. The precipitation is high both 
on the north (200 mm) and in the south (300 mm). Following the climatic gradi- 
ent, the vegetation of Novaya Zemlya also differs: scarce plant communities of 
High Arctic barrens (polar deserts) in the north and Mid Arctic tundra vegetation 
on the plains of the south. Mountainous barrens, bordered with glaciers in the 
north and with mountainous tundra in the south, mainly cover the mountains. 
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For several decades, the archipelago was closed to civil soil surveys and, as a 
result, only data on early reconnaissance studies (Ratmanov, 1930) and recent data 
from case studies of soil and soil cover (Dobrovolsky and Filatova, 1993; Gor- 
yachkin, 1998) are available. During the period of extensive fieldwork and soil 
mapping of these islands (see Section 1), Novaya Zemlya was not mapped. Ac- 
cording to available soil data, the soil landscapes of the northern and southern 
parts of the archipelago are different. The northern Novaya Zemlya soil landscape 
is similar to that found on Franz Josef Land, classified as Arctic soils and Arctic 
hydromorphic non-gleyic soils. 

In the plains of the south, the important soil landscape feature is the solifluction 
stressed by rill erosion, giving a striped pattern on barren substrates and Stagni- 
Turbic Cryosols. Classic sorted and non-sorted nets occur only on very flat sur- 
faces of less than one degree. The peat plateau bogs with Peaty bog mesotrophic 
permafrost soils {Eutri-Cryic Histosols) also occur at the base of long gradual 
slopes. The large flat wetlands are covered with Peaty bog gleyzems {Turbi- 
Fibrihistic Cryosols {Gleyic\). 

The well drained soils of Novaya Zemlya southern island are Humi-Turbic 
Cryosols on loamy material or Turbi-Leptic Cryosols {Humic) on gravelly and 
cobbly substrates. Calcari-Molli Leptosols develop on limestones in the wind 
shadow, and the rock debris occupies the remaining limestone area. In the Tundra, 
podburs have bleached horizons {Spodic Cryosols), and the soils differ from their 
southern equivalents by having less Fe in the sandy material. 

The specific soil landscape feature on the plains of the Novaya Zemlya is the 
occurrence of “polar desert” areas with low humus content and shallow leached 
soils in the tundra zone {Calcari-Turbic Cryosols) where katabatic winds 
(>40m/s) occur. 

The soil formation in the mountains of Novaya Zemlya archipelago closely 
connects to small stream activity (recent and past) that produces localized fine 
earth, which gives the soil cover a pattern of linear forms. This pattern is com- 
posed of barren stones; Oxyaqui-Leptic Cryosols showing mucky and peaty hori- 
zons and lateral clay accumulations developed on stream beds, and Leptic 
Cryosols with moder humus developed in former stream beds (2.5.2). 

Both the soils in the mountains and on the plains of Novaya Zemlya have a 
very low level of y-radiation, except small areas totaling about 1 km^ near the lo- 
cations of past ground nuclear tests. 



4.3. Vaigach Island 

Vaigach Island is between the mainland and the Novaya Zemlya archipelago. 
Geologically, it is part of the Ural-Novaya Zemlya mountain system. However, 
the highest elevations here are only about 200 m asl. The Vaigach region includes 
the rocky calcareous highlands and plains of both marine and Quaternary glacial 
origins. The climate is similar to that of the southern part of Novaya Zemlya. The 
vegetation is Arctic tundra. 
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Ignatenko (1967, 1979) studied the soils of Vaigach. He identified the Tundra 
mucky-calcareous soils (Molli-Leptic Cryosols [Calcaric]) on limestones, which 
alternate with barren calcareous cryogenic spots. The loamy, well drained soils of 
Vaigach are Stagni-Turbic Cryosols, which form the polygonal pattern of cryo- 
genic spots (circles/nets) with calcareous and saline (upper 5 cm) loamy sub- 
strates, with cryogenic cracks (troughs) characterized by peaty mat and shallow 
permafrost. 

Tundra mucky gleyzems (Gleyi-Turbic Cryosols), which form a polygonal pat- 
tern of saline cryogenic spots (>2% of water-soluble salts in the upper 4 cm) and 
cryogenic cracks of Peaty gleyzems {Turbi-Histic Cryosols [Gleyic\), cover the 
areas with imperfect drainage. 

The flat depressions are occupied by peat plateau bogs, where Peaty bog 
gleyzems {Turbi-Fibrihistic Cryosols [Gleyic\) are predominant. However, in 
some poorly drained ecotopes (sites), Cryic Histosols also occur. 




Figure 2.5.2. Linear pattern of soil cover in the mountains of Novaya Zemlya archipelago. 
1. Arctic soils (Leptic Cryosols)', 2. Arctic hydromorphic non-gleyic soils {Oxyaqui-Leptic 
Cryosols', 3. barren stones. 



4.4. Kolguev Island 

Kolguev is the southernmost island of the Russian Arctic. Quaternary glacial and 
marine deposits, mainly of loamy and partly of sandy texture, cover its surface. 
Kolguev is both hilly and gently undulating and Kolguev is the warmest of the 
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Arctic islands. The mean temperatures are -2.6®C annually, +6.6°C for July and 
-9®C for January. Annual precipitation is 300 mm. Kolguev’s vegetation is dwarf 
shrub-herbaceous-mossy tundra with Betula nana and Salix spp in the warmest 
ecotopes. 

No publications deal exclusively with the soils of Kolguev. However, Ig- 
natenko (Fridland, 1988) mapped it, and Goryachkin has personal experience 
studying the soils of this island (Goryachkin et al., 1994, 1995). 

The soils of Kolguev Island differ from those of other Arctic islands in the pre- 
dominance of hummocky patterned ground and less area of polygonal ground. 
Arctic tundra weakly gleyed humic soils (Stagni-Turbic Cryosols) developed on 
loamy substrates in well drained sites. The most widespread soils occur on gentle 
slopes as Tundra peaty gleyzems (Turbi-Fibrihistic Cryosols [Gleyic or Stagnic\), 
showing pronounced hummocky patterned ground. Peat plateaus and paisa bogs 
also are common, with Peaty bog gleyzems {Turbi-Histic Cryosols {Gleyic\) and 
Peaty bog mesotrophic permafrost soils (Eutri-Cryic Histosols). Well drained 
sandy soils are Podburs and Podzols {Spodi-Turbic Cryosols and Spodic 
Cryosols). 

Overgrazing by domestic reindeer has compacted and destroyed many surface 
horizons of Kolguev. 



4.5. Belyi Island 

Belyi Island is the former northernmost part of Yamal peninsula. West Siberia, 
which now is separated from the continent by Malygin Strait. The island has a low 
relief marine plain, with an altitude of 1 to 30 m asl. Some eolian forms such as 
dunes, barchans, and tafoni-like forms appear on the coast. Basically, the Quater- 
nary sediments of Belyi are marine sandy and sandy-loam layered deposits. The 
mean January temperature is -23 .4*^0 and the mean August temperature is +5.3°C. 
Annual precipitation is about 300 mm. The vegetation is classified as Arctic tun- 
dra subzone. Zonal plant communities are herbaceous-dwarf-shrub-mossy and li- 
chen tundras. 

The soil data for Belyi island are available only from the Russian national map 
(Fridland, 1988) and from a brief description of its soil landscape (Goryachkin et al., 
1994). Peaty bog gleyzems {Turbi-Histic Cryosols [Gleyic'\) with shallow (20 to 40 
cm) permafrost, found in low-center ice-wedge polygons, occur widely on level ma- 
rine and alluvial terraces. Active sand formations occur along the coastal areas. Sandy 
soils with a more stable surface are classified as Podburs and Podzols with gleyic fea- 
tures, which relate to saturation over the permafrost table (60 to 80 cm) {Gleyi-Turbic 
Cryosols [Spodic]). Hummocky tundra of sandy-loam layered substrata, supporting 
Peaty tundra gleyzems {Turbi-Fibrihistic Cryosols [Gleyic or Stagnic]), occupy 
higher surfaces. 
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4.6. Severnaya Zemlya 

Severnaya Zemlya is the archipelago of the central part of the Russian Arctic and 
is mainly mountainous. About half its area is under glaciers. The mountains con- 
sist of calcareous and terrigenous rocks. Unconsolidated deposits on the plains are 
marine and glacial, cobbly, and gravelly loams. Periglacial forms, such as sorted 
nets and polygons, are widespread on the plains. The climate is as cold as Franz 
Josef Land in summer (0.8 to 1.6^C in July) and almost as cold as the New Sibe- 
rian Islands (-28®C in March) in the winter. Precipitation is about 150 to 230 mm 
per year. Vegetation matches the criteria of High Arctic barrens (polar desert 
zone). The vegetative cover varies from sparse (1 to 2% ) lichens on rocky sub- 
strates to nearly continuous mossy-herbaceous communities in warm sites with 
fine-earth accumulation. 

Mikhailov (1962, 1970), Govorenkov (1981), and Aparin (1997) investigated 
and mapped the soils of Severnaya Zemlya. The predominant feature is mainly 
cobbly and rocky barren substrates. The most common soils for Severnaya Zemlya 
are Arctic soils (Turbi-Leptic Cryosols [Humic]) on cobbly parent material and 
Humi-Turbic Cryosols on loams. They form patterned ground with barren cryo- 
genic spots in centers of polygons. On calcareous material, Arctic calcareous soils 
(Rendric and Calcaric Leptosols) occur. Arctic hydromorphic non-gleyic soils 
{Oxyaqui-Leptic Cryosols) occur widely in depressions with running melt water, 
similar to those on Franz Josef Land and Novaya Zemlya. In local sites under con- 
tinuous vegetation cover and saturation, Cryosols with stagnic features {Stagni- 
Leptic Cryosols) occur. 



4.7. New Siberian Isiands 

The New Siberian Archipelago is in Yakutia, that part of Asia with the most con- 
tinental climate of the Northern Hemisphere. It consists of several large and small 
islands extending for more than 400 km from north to south. Most of these islands 
are plains of alluvial, lacustrine, and marine genesis, but some islands are moun- 
tainous with limestones, dolomites, sandstones, argillites, and basalts. In addition, 
the islands include a unique, very flat sandy area, Bunge Land, which has a wide 
distribution of different eolian forms. The micro-relief of Bunge Land relates to 
cryogenic (thermokarst, cryoturbation, solifluction) and eolian processes. Particular 
cryogenic forms on the plains of the New Siberian Islands are baydzherakhs, 
thermokarst mounds (2 to 3 m height) remaining after the ice wedges surrounding 
an ice-wedge polygon melt (Figure 2.5.3). 
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Figure 2.5.3. Baydzherakhs (thermokarst mounds) with excessively drained soils, Fad- 
deevsky Island, New Siberian Islands. These are residual mounds formed after the melting 
of ice wedges and the subsidence of the surface of former ice wedge polygons. 

The climate of the New Siberian Islands is very cold, especially in winter. It is 
humid but with the least precipitation (133 to 170 mm) of any of the Russian Arc- 
tic archipelagos. Vegetation of the islands belongs to the High Arctic tundra sub- 
zone and polar desert. The latter occurs in upper belts of mountains and on the 
northernmost small De Long Islands. 

Mikhailov (1967), Karavaeva (1969), and the author (Goryachkin et al., 1994, 
1995) studied the soil landscape of the New Siberian Islands. Targulian (1971) inves- 
tigated soil development on rocky substrates. Soil landscapes of mountains, loamy 
plains, and sandy polar deserts are different. 

In the mountains of the archipelago, rock outcrops predominate. Mountainous 
primitive soils {Lithic Leptosols and Calcari-Lithic Leptosols) and Arctic hydro- 
morphic non-gleyic soils {Oxyaqui-Leptic Cryosols) are similar to those of Franz 
Josef Land, Novaya Zemlya, and Severnaya Zemlya. Podburs {Spodi-Leptic 
Cryosols) also occur on low rocky surfaces (Targulian, 1971). 

Permafrost strongly influences pedogenesis on the plain, with the seasonally thaw- 
ing active layer being 10 to 15 cm in peat, 20 to 40 cm in loams, and 50 to 60 cm in 
sands. Both Arctic soils (Humi-Turbic Cryosols) (Mikhailov, 1967) and Arctic tun- 
dra weakly-gleyic humic soils {Stagni-Turbic Cryosols [Humic\) (Karavaeva, 
1969) were described as “zonal” well drained soils for loamy plains of New Sibe- 
rian islands (Tables 2.5.2 and 2.5.3). Karavaeva (1969) proposed that the genesis 
of these two soil types relates to different stages of soil development, described 
earlier as connected with the development of baydzherakhs. Loamy lacustrine 
sediments were deposited under conditions of strong reduction. 
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Loamy soils have developed in association with level cryogenic polygons that 
were created after lake drainage. These soils have undergone a change in redox 
potential, having their gleyic properties substituted by stagnic ones, as expressed 
by the brown mottles on a grayish-olive matrix. Further thermokarst processes re- 
sult in the formation of baydzherakhs (hillocks with excessive drainage). Soils on 
the upper positions develop under well aerated conditions, creating the brown 
loam that currently occurs on the tops of the mounds (Karavaeva, 1969, and per- 
sonal observations). After denudation of the baydzherakhs, the soil begins to form 
on brown material, with saturation too weak and short for the stagnic features to 
reoccur. In such places, Humi-Turbic Cryosols develop. The water regime in the 
soils of the New Siberian Islands is adequate to preserve the stagnic features in 
strongly gleyed loams of the initial polygons. However, it is difficult to determine 
if the stagnic features are a result of the initial polygon or an eroded baydzherakh. 

Bog gleyzems with very shallow peat layer {Gleyic Cryosols) are the typical soils 
of thermokarst depressions of New Siberian Land. 

Active sand dunes and salinized boggy Marshy soils (Sali-Fluvic Cryosols) are 
common features for Bunge Land and the adjacent accumulative shore. 



4.8. Ayon Island 

The physiography of Ayon Island in Pevek Bay is an alluvial and lacustrine plain, 
with marine terraces and a complex of shore forms in the north. Layered loamy- 
sandy alluvial and lacustrine deposits are the dominant soil parent materials of 
Ayon Island, and Holocene marine sediments also occur as loose sands. 

The mean January temperature of the island is -28.7‘^C, with the July mean tem- 
perature being +4.3®C. The climate is humid, with annual precipitation of 300 mm. 
The severe winds (up to 70 to 80 m/sec) cause strong deflation. Vegetation of Ayon 
Island is northern hypoarctic tundra and appears similar to that of the southern 
Arctic tundra. 

The information on the soils of Ayon Island is available from papers (Yevseev, 
1982; Goryachkin et al., 1994), maps (Fridland, 1988; Naumov, 1993), and the au- 
thor’s field experience. The soil cover of the island is a combination of three main 
types: 

1 . the sandy deposits of northern Ayon Island 

2. the well drained soils of its central part 

3. those with poor drainage in southern Ayon Island. 

Active layers on Ayon vary from 20 to 40 cm in peat, to 40 to 60 cm in loams, and 
to 70 to 100 cm in sands. 

Vast barren sand exposures occur on the northern coast of the island. Podzols and 
Tundra podzolized podburs {Spodi-Turbic Cryosols) occur in this region along with 
those with stagnic features developed immediately above the permafrost table 
{Stagni-Turbic Cryosols [Spodic^, These soils alternate with Turbi-Histic Cryosols 
in wetland areas. Locally, Foli-Cryic Histosols occur under herbaceous tussocks on 
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peat ridges. These localities often are enriched by nitrogen and phosphorus, as Snowy 
Owls use them as nesting and eating places. 

The well drained soil landscapes in the central part of the island are hummocky 
tundra with loamy substrata, and the two main soil types are Arctic tundra weakly 
gleyic humic soils (Stagni-Turbic Cryosols [Humic]) and Peaty tundra gleyzems 
{Turbi-Histic Cryosols [Gleyic or Stagnic']). 

Peaty bog gleyzems {Turbi-Histic Cryosols [Gleyic'\) developed in low-center 
polygons that are widely distributed on the low flat alluvial and marine terraces of 
southern Ayon Island. 

Overgrazing of the tundra of Ayon Island is a striking ecological problem. In 
combination with severe winds, it results in deflation of well drained sandy soils and 
accumulation of eolian materials in the upper histic horizons of peaty soils. 



4.9. Wrangel Island 

Wrangel Island is in both the eastern and western hemispheres, as it spans the 
180^^ meridian. Coastal plains are on the south and the north of its territory, while 
the central two-thirds is mountainous, with the highest elevations between 1000 to 
1100 m asl. The mountains formed in the Paleozoic and were renewed in the 
Mesozoic epoch. Marine deposits overlap glacial, lacustrine, and alluvial deposits 
on the coastal plains. The mean January temperature on the island is -23®C and for 
July is +3.6®C, with an annual precipitation of 200 mm. The vegetation is Arctic 
tundra. 

Svatkov (1958) and Oganesyan (1989) investigated the soils of Wrangel Island. 
The author also has experience studying the island’s soil (Goryachkin et al., 1994, 
1995). 

Due to the substrate having a higher content of stony material, Wrangel Island dif- 
fers fi-om the Siberian islands described earlier by having less pronounced ice-wedge 
polygons. The main soils of the plains are Arctic tundra weakly gleyed humic soils 
{Stagni-Turbic Cryosols [Humic]) and Tundra gleyzems {Gleyi-Turbic Cryosols 
[Humic]). Peaty bog gleyzems are associated with small depressions on the northern 
and southern tundra plains. They differ by having a very shallow peat horizon, which 
is why its WRB equivalent is Gleyic Cryosols. 

In the mountainous part of the island, the soil landscape is complex, due mostly 
to the influence of aspect, creating a situation where differently oriented slopes 
contain different soil types. On one slope. Mucky calcareous tundra soils {Calcari- 
Leptic Cryosols) with a 20-cm organic horizon can occur in complex with Lithic 
Leptosols and Stagni-Turbic Cryosols, depending on slope position and aspect. 
Lithic Leptosols can cover the opposite slope, which has the same gradient. In the 
wide valleys of the mountainous area, the Stagni-Turbic Cryosols (Humic) are the 
common soils. However, the predominant component of the surface in the mountains 
is rock outcrops, particularly at elevations above 350m. 
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5. Conclusion 

The Russian Arctic archipelagos have a high diversity of climatic, geogenic, and 
resultant soil conditions. The islands belong to three soil zones - High Arctic bar- 
rens (Franz Jozef Land, northern part of Novaya Zemlya, and Severnaya Zemlya), 
Mid Arctic tundra (southern Novaya Zemlya, Vaigach, Belyi, Ay on, Wrangel, and 
New Siberian islands), and Low Arctic tundra (Kolguev). In the High Arctic and 
in the mountains of Mid Arctic tundra, the rock outcrops are the dominant element 
of the surface; they are combined with Humi-Turbic and Oxyaqui-Leptic Cryosols. 
Mainly Humi-Turbic, Stagni-Turbic, and Turbi-Histic Cryosols cover the Mid 
Arctic islands characterized by plains. Low Arctic Kolguev Island is covered by 
Stagni-Turbic Cryosols and Cryic Histosols. The podzol-like soils, Spodi-Turbic 
Cryosols, occur on sandy substrates on the islands. 
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1 . Introduction 

Northeast Eurasia is a vast, remote territory with the most severe climate in the 
northern hemisphere. The lowest recorded temperature in the hemisphere (-71®C) 
was recorded in northeast Eurasia at Oimyakon. In this region, the role of cryo- 
genesis in soil formation and soil distribution is most pronounced. 



2. The History of Regional Soil Survey and Evolution of 
Soil Classification 

The Dokuchaev Soil Science Institute has conducted special soil studies and soil 
survey expeditions since 1958, the Yakutsk Institute of Biology of the Russian 
Academy of Sciences, since 1968, and the Magadan Institute of Biological Prob- 
lems of the North, Russian Academy of Sciences, since 1971. These studies and 
field expeditions were to determine the genesis and geography of soils of the re- 
gion, to develop a suitable soil classification, to map and correlate soils, and to as- 
sess soil resources (Karavaeva and Targulian, 1960; Ivanova et al., 1961; Nau- 
mov, 1963, 1973; Naumov and Gradusov, 1974; Karavaeva et al., 1965; Ignatenko 
et al., 1982; Elovskaya et al., 1977; Naumov, 1996). 

The study of the soil landscape in northeastern Eurasian began later than in 
other regions of the Russian north. Until the 1960s, soil studies in northeastern 
Eurasia were rather scarce. The All-Union soil maps compiled at that time showed 
hypothetical delineations of mapping units, based on analysis of physiographic 
conditions. For a long time, only non-systematized soils data existed for some 
parts of this vast territory. A.P. Vas’kovskii (1959) gave the first description of 
taiga soils in northeastern Eurasia and subdivided them into svetlozems (lightly 
colored soils) of continental regions and podzols of coastal regions. 
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The first comprehensive classification of the soils of northeastern Eurasia was 
developed for the southern part of this region on the basis of field investigations 
carried out from 1959 to 1963 and mapped on a scale of 1:1.5 M (Naumov, 1963). 
The map reflected specific features of the soil landscape of the coastal region: (a) 
the presence of Dry Peaty soils {Folic Histosols) under elfin forest {Firms pumila) 
communities in coastal mountain ridges, (b) the development of tundra soils with 
barren unsorted circles on coastal plains as far south as 59°N, and (c) the presence 
of specific Ocherous Podzolic soils (Andi-Spodic Cryosols) in the areas with 
deposition of volcanic ash. The soils were grouped into six soil types distin- 
guished by profile morphology; these in turn were placed in four major groups of 
soils (Targulian et al., 1970). 

In 1967, large-scale (1:50,000) soil maps were compiled for the area of the state 
farms “Bilibino” and “Omsukchan” in the continental Kolyma region. These maps 
revealed the complexity of soil spatial patterns related to the effect of cryogenic 
processes and patterned ground formation. In the same year, a 1:1.5 M soil map 
was compiled for the taiga zone of northeastern Eurasia. It showed clearly the dif- 
ference between the humid coastal region of the Sea of Okhotsk with a predomi- 
nance of Al-Fe-humus soils (Podzols and Podburs) and the semi-arid and arid con- 
tinental region (the Yano-Kolyma region) with its Pale soils, Cryozems, Steppe 
Cryoarid soils, and Podburs. 

Later on, soil survey expeditions covered the whole territory of northeastern 
Eurasia. Their main goal was to compile the State Soil Map (1:1 M) for this vast 
region. Several sheets of this map were published in the 1970s, and the new data 
obtained during this period resulted in a more detailed subdivision of taiga soils of 
the region. Eight major types of taiga soils were distinguished (Naumov, 1973; 
Naumov and Gradusov, 1974). In 1974, the first draft of the Soil Map of North- 
eastern Asia (1:2.5 M) was presented to the participants of the 10th International 
Soil Science Congress. 

In 1976, the Soil Map of Magadan Region (1:5 M) was published. The legend 
to this map contained 22 map units, in contrast to the 6 to 8 mapping units shown 
for this territory on the All-Union soil maps compiled in 1956 and 1960. The Soil 
Map of the Russian Federation (1:2.5 M), published in 1988, using 22 map units, 
resulted in suggesting new soil classifications for the whole region (Ignatenko, 
1977; Naumov, 1980) and for separate parts of northeastern Eurasia, in particular 
northeastern Yakutia (Elovskaya et al., 1977) and the Magadan Oblast (Ignatenko 
etal., 1982). 

New field data from the 1980s and early 1990s led to further refinment of the 
maps, adding new soils to their legends. More attention was paid to the representa- 
tion of the complexity of soil cover patterns in permafrost-affected regions. 

The Soil Map of Magadan Region (1:2.5 M) published in 1990 displayed 53 
map units. The most recent map encompassing the whole region was published in 
1993 on a scale of 1:2.5 M (Naumov, 1993) and contains 22 different soil types in 
its legend. 

A special feature of the legend to the latest map (Naumov, 1993) is the group- 
ing of soils according to cryological conditions and types of soil microassociations 
(complexes); the names of map units include several soils composing soil cryo- 
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complexes. Permafrost-affected soils are subdivided into groups with respect to 
the ice content in permafrost (ice-rich and dry permafrost), and depth of seasonal 
thawing (shallow <1 m and deep >1 m). The duration of preservation of frost in 
the soil profile is also indicated (both for the soils with permafrost and for season- 
ally freezing soils). Figure 2.6.1 shows a generalized (1:16 M) version of this soil 
profile. 



3. Factors of Soil Formation 



3.1. Relief 

Northeastern Eurasia is a vast mountainous territory. The area of ridges, high up- 
lands, and tablelands by far exceeds the area of lowland plains. 

An extensive coastal plain occurs in the north of the region and consists of the 
Yana-Indigirka and Kolyma lowlands. Mountains that protect it from western and 
southwestern winds surround this plain on the west, south, and east. It is com- 
posed of ice-rich fine earth deposits (the “Yedoma” suite), subjected to active 
thermokarst during the Holocene and resulting in lake formation within the nu- 
merous thermokarst depressions. Polygonal, polygonal-ridge, and polygonal- 
trough cryogenic patterns are typical. 

The several other lowland plains in the region are relatively small: the Anadyr, 
Chaun, Penzhina, Vankarem, Yama-Tauisk, and Cis-Verkhoyansk plains. The ex- 
pansive Lena Delta is another special area of coastal plain. 




Figure 2.6.1. The scheme of polygonal-trough pattern of Cryozems. (A) Horizontal section: 
(a) polygons, (b) troughs. (B) Vertical section; soil horizons: (1)0, (2) AO, (3) Bjj (with 
fissures and mottles enriched in organic matter), (4) BCf, (5) Oi, (6) Oe, (7) ice wedge. 
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High tablelands occupy much of the region (the Yana, Elginsk, Yukagir, and 
Anadyr tablelands). River valleys dissect mountain systems, which include several 
intermontane depressions, e.g., the Oimyakon, Seimchan-Buyunda, and Upper 
Kupkinskaya depressions. The complexity of the relief governs the differentiation 
of climate, vegetation, soil parent materials, and soil development. 

The presence of many high mountain ranges promotes the development of ver- 
tical soil zonation and aridity of the climate in interior areas, especially in inter- 
montane depressions. These depressions have somewhat warmer summer tem- 
peratures and, as a result, have forest stands of higher quality, compared with 
those of surrounding territories. Differences in insolation and temperature condi- 
tions on southern and northern slopes are considerable. Thus, aspect is one of the 
most important factors of soil development in mountainous regions. 



3.2. Climate 

The climate of northeastern Eurasia is very severe. The vast latitudinal and longi- 
tudinal dimensions of the region and complex orography predetermine the differ- 
entiation of climatic conditions into three climatic zones: Arctic tundra. Subarctic 
tundra and forest-tundra, and Boreal coniferous forests (Klyukin, 1960). The tun- 
dra zone occupies the northern part of the territory and, owing to the cooling effect 
of cold seas, stretches along the eastern coast in the submeridianal direction. The 
southernmost patches of tundra are south of Magadan (approximately 57° N). The 
forest zone occupies the central part of northeastern Eurasia. 

The eastern Siberian anticyclone (i.e., high pressure systems) governs the cli- 
mate of continental areas, whereas Pacific cyclones (i.e., low pressure systems) af- 
fect the southeastern coastal regions. The difference in humidity between these 
two areas is considerable. The eastern and southeastern parts of the territory have 
a humid climate, with annual precipitation about 600 mm, and the precipitation-to- 
evaporation (P/E) ratio is above 1.3 to 1.5 in summer months. The rest of the terri- 
tory has a semi-arid or even arid climate (except for high mountain regions). 

The most arid conditions characterize intermontane depressions in the basins of 
the Kolyma, Yana, and Indigirka rivers. Summer precipitation in these intermon- 
tane depressions does not exceed 100 to 150 mm, and a droughty period lasts for 
30 to 100 days. The P/E ratio in summer is about 0.3 to 0.5. 

The differentiation of temperature conditions is also considerable, with the 
mean annual temperatures in the southeastern coast (Magadan) varying from -4.1 
to -6.6°C and in interior regions (the Kolyma-Oimyakon Upland), from -12 to - 
16°C. In the northeastern part (the Bering Strait region), mean annual tempera- 
tures are about -8°C. Mean July temperatures in these regions vary from 11.6 to 
13.4, 15 tol6, and 4 to 5°C respectively; mean January temperatures vary from -20 
to -25, -30 to -50, and approximately -22°C, respectively. 

A comparison of different degree-day indices (St° >0, 5, 10°C; Zt° <0°C, etc.) 
in northern taiga, forest-tundra, and tundra zones of Eurasia shows the gradients 
and severity of the climate of northeastern Eurasia, resulting in very cold soil cli- 
mates. Mean annual soil temperature in the profiles of taiga soils of northeastern 
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Eurasia is below zero; at a depth of 40 cm and more, soil temperature never rises 
above 10°C. The growing season is short, and all soils are subject to extended pe- 
riods of freezing. Permafrost is continuous in the continental areas and disconti- 
nous in the coastal zone of the Sea of Okhotsk. 

Two kinds of permafrost, icy and relatively dry, exist. Their distribution de- 
pends on the composition of soil parent materials and drainage conditions. Ice-rich 
permafrost with huge ice wedges occurs in the valleys of large rivers and on 
coastal plains in the northern part of the territory. These specific loess-ice forma- 
tions, the Yedoma suite, contain up to 80% by volume of ice. 

In general, the differences in climatic conditions of relatively humid coastal ar- 
eas and relatively arid interior regions dictate the differences in the direction of 
soil-forming processes. 

3.3. Vegetation 

The vegetation of northeastern Eurasia is mainly tundra, forest-tundra, and north- 
ern taiga communities. In agreement with the climatic pattern, zones of vegetation 
have both latitudinal (in the north) and longitudinal (in the east) directions. The 
tundra zone in the north extends from the Lena Delta to the Bering Strait; then it 
turns to the south and extends as a continuous zone to the mouth of Penzhina 
River and the Taigonos Peninsula. Discontinuous tundra alternating with larch 
stands and elfin (Pinus pumila) forests occupies the northern coast of the Sea of 
Okhotsk to the latitude of 59° N (Reutt, 1960; Treshnikov, 1985). 

The forest-tundra zone between the tundra and the taiga zones is not always 
clearly seen. Some geobotanists do not distinguish it as a separate zone. 

The taiga zone occupies the interior regions. Relatively sparse larch stands with 
Pinus pumila and dwarf birch in the undergrowth with mossy-lichen or mossy sto- 
rey prevail. The quality of such stands is very low. Somewhat better stands of 
larch {Larix dahurica), poplar, and willow (Chosenia arbutifolia) occur on river 
terraces and high flood plains with deep permafrost or without permafrost at all. 



3.4. Soil Parent Materials 

Geological maps of northeastern Eurasia display a wide range of sedimentary 
rocks from the Proterozoic era to the Neogene. Permian, Jurassic, Triassic, and 
Cretaceous sandstone, siltstone, claystone, and slates prevail in the composition of 
the mountain systems of northeastern Eurasia. Calcareous rocks are less frequent. 
Igneous intrusions and basalt flows occupy smaller areas and occur as magmatic 
massifs among sedimentary rocks. 

Large areas of igneous rocks are typical of mountain systems along the coast of 
the Sea of Okhotsk (granites and granodiorites of the Magadan batholith, basalts, 
and andesite-basalts). In mountainous areas, soils develop from the residuum (elu- 
vium) of bedrock or colluvial deposits. Severe climate retards weathering proc- 
esses; the soils develop from relatively coarse derivatives of bedrock with low 
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clay content (Naumov and Gradusov, 1974). The genesis and composition of par- 
ent materials on plains are rather diverse. 

The cryological status of the surface geological materials in the zone of con- 
tinuous permafrost depends on soil texture, geomorphic position, and other fac- 
tors. On the plains and gentle slopes, the ice content increases in the sediments 
with finer texture. Simultaneously, the depth of the active layer decreases. Shallow 
ice-rich permafrost favors the stagnation of water in the soil profile, the develop- 
ment of soil hydromorphism, and activation of cryogenic processes 

Silty loams of alluvial, lacustrine-alluvial, and eolian genesis make up the 
coastal plains in the north. Loess-ice formations (the Yedoma suite) of the Late 
Pleistocene Age are widespread in these areas. The origin of loess-ice formations 
is widely discussed in the earth sciences literature and is controversial. Some re- 
searchers consider the loess-ice formations to be the result of alluvial sedimenta- 
tion, whereas others believe them the result of eolian sedimentation in conditions 
of the cryoarid climate of the Late Pleistocene. 

Alternating stages of eolian sedimentation (during cold periods with arid cli- 
mate) and the development of thermokarst lakes (during warmer periods) have 
shaped a specific periglacial type of loess-ice deposits (Shilo and Tomirdiaro, 
1970) typical of coastal plains in the north of northeastern Eurasia. During the 
Holocene evolution, thermokarst processes partly destroyed the Yedoma deposits; 
the development of thermokarst lakes led to the transformation of eolian deposits 
into lacustrine deposits. 

Alluvial sediments are widespread in all parts of the region, and the composi- 
tion of these sediments varies within wide limits. As a rule, alluvial sediments are 
of finer texture in low reaches of rivers and on high terraces. Along with minera- 
logical and textural properties, their cryological status is of primary importance for 
pedogenesis. 



4. Classification, Diagnostics, and Properties of Soils 

The manifestation of cryogenic phenomena in the soils of northeastern Eurasia is 
very diverse: from seasonal freezing, to very considerable cryogenic transforma- 
tions of the soil mass, to the appearance of specific cryogenic features in perma- 
frost-affected soils. Tables 2.6.1 to 2.6.6 give examples of soils with different de- 
grees of manifestation of cryogenic features, from very vivid ones in Cryozems to 
relatively weak ones in Podzols with gleyic features above the permafrost table. 

Soil taxa typed in normal font within the text come from the legend for the Soil 
Map of Northeastern Eurasia, published at a scale of 1:2.5 Min., Naumov, (1993). 
Those in italics are taxa according to the World Reference Base Classification Sys- 
tem (ISSS Working Group RB, 1998). 
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Table 2.6.1. The properties of major types of permafrost-affected soils in northeastern 
Eurasia. 



Hori- Depth 
zon cm 


pH 

(H 2 O) 


Or- 

ganic 

Matter 

% 


Exchange- 

able, 

meq/100 g 
soil 


Particle Size 
(mm), % 


Total elements. 


% 










Ca + 
Mg 




<0.01 


<0.001 


Si02 


FC203 


M 2 O 3 


FCo** 


Pit 1-1967. Typical Cryozem (Oxyaqui-Turbic Cryosols) (see Table 2.6.2) 










Oi 5-13 


4.8 


48.1 


15.2 


36.6 


54 


31 


51.1 


8.4 


30.9 


1.2 


AOa 13-17 


4.9 


5.9 


5.4 


6.2 


67 


28 


60.0 


7.7 


25.0 


1.0 


Bwjj 17-45 


4.9 


6.1 


6.4 


5.4 


70 


28 


59.6 


7.4 


25.0 


1.0 


BCf 45-55 


4.9 


6.6 


6.3 


5.3 


70 


28 


59.8 


7.6 


24.4 


0.8 


Pit 112-1967. Typical Cryogleyzem (Gleyi-Turbic Cryosols) (see Table 2.6.3) 










AOa 4-7 


3.7* 


4.9 


11.3 


0.9 


- 


- 


68.5 


5.1 


18.5 


1.2 


Blw 7-21 


5.1* 


1.6 


16.2 


0.2 


53 


24 


68.3 


5.0 


19.4 


1.2 


Bwjj 21-53 


4.9* 


2.1 


15.3 


0.5 


52 


22 


- 


- 


- 


- 


BCg 53-63 


4.1* 


5.6 


13.6 


0.6 


51 


21 


69.0 


5.1 


17.7 


1.1 


Cf 63-73 


4.4* 


3.9 


11.8 


1.7 


51 


23 


69.2 


5.1 


18.3 


1.2 


Pit 15-1958. Typical Pale Soil (Eutri-Turbic Cryosol) (see Table 2.6.4) 










A 2-10 


4.3 


7.1 


6.0 


5.0 


33 


10 


71.1 


5.3 


13.1 


0.3 


Blw 10-30 


6.0 


1.3 


8.0 


0.1 


31 


7 


73.3 


5.2 


15.6 


0.2 


B2w 30-75 


6.1 


0.9 


7.7 


0.0 


28 


5 


74.6 


4.7 


14.2 


0.2 


BCf 75-85 


6.3 


- 


7.9 


0.0 


30 


8 


73.6 


4.7 


15.1 


0.2 


Pit 24-1968. Pale Calcareous Soil (Calcari-Leptic Cambisols) (see Table 2.6.5) 








AOa 4-10 


6.8 


48.8 


17.5 


No 


52 


37 


54.7 


5.2 


16.8 


- 


A® 10-13 

w 


7.1 


9.0 


63.1 


- 


49 


28 


67.4 


6.2 


17.8 


2.2 


Bw 13-19 


7.8 


3.4 


- 


- 


47 


25 


67.8 


6.2 


17.4 


1.8 


1927 

wk 


8.0 


2.2 


- 


- 


41 


18 


66.6 


6.3 


19.1 


1.7 


Ck 27-60 


8.3 


1.1 


- 


- 


25 


16 


61.3 


6.1 


15.0 




Rk 60-65 


- 


- 


- 


- 


- 


- 


6.7 


2.3 


3.0 


0.5 


Pit 88-1960. Deep-Gleyic Podzol (Gleyi-Turbic Cryosols (Spodic)) (see Table 2.6.6) 








AOa 5-9 


3.8 


27.6 


6.3 


28.3 


- 


- 


75.1 


2.4 


15.0 


1.1 


E 9-12 


4.5 


4.5 


2.0 


4.9 


31 


11 


73.5 


3.2 


15.0 


1.2 


Bis 12-22 


4.8 


2.4 


1.1 


2.4 


20 


5 


67.7 


6.4 


17.4 


1.6 


B2g 22-45 


5.2 


0.5 


5.1 


2.1 


39 


16 


69.5 


4.9 


18.4 


0.5 


45-70 

g 


5.3 


0.3 


10.8 


1.1 


41 


24 


68.3 


5.9 


17.2 


0.5 


Cf 70-85 


5.1 


0.5 


12.8 


0.3 


41 


21 


67.5 


6.2 


17.6 


0.5 


Pit 72-1959. Typical Podbur (Entic Podzol) 
















Oi 0-12 


3.1 


75.3 


24.0 


44.0 


- 


- 


- 


- 


- 


0.1 


12-20 

E 


3.3 


18.4 


2.4 


16.9 


42 


14 


65.8 


8.6 


15.6 


0.5 


Bis 20-26 


4.5 


12.4 


1.4 


2.9 


23 


3 


53.3 


10.3 


28.5 


1.3 


B2s 26-38 


4.5 


7.4 


1.2 


1.4 


29 


3 


55.7 


10.7 


25.6 


0.3 


BC 38-50 


4.8 


2.3 


1.9 


0.2 


14 


0 


55.1 


10.3 


27.5 


0.5 


C 50-85 


- 


- 


- 


- 


- 


- 


55.3 


10.5 


24.2 


- 



*^PHkci 

** Oxalate-extractable Fe 
*** not determined 






Table 2.62. Genetic diagnostics of the main soil types of the North. 
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Table 2.6.3. A typical cryogleyzem (Gleyi-Turbi Cryosol) on the right bank of the Malyi 
Anyui River, within a slightly undulating plain (30 m a.s.l), described on August 7, 1967, 
as Pit 1 12-1967. It was located within a taiga (larch) stand underlain by a moss and lichen 
ground cover, and with small shrubs {Betula middendorffii, Vaccinium uliginosum. Ledum 
palustre). The site is within a distinct hummocky microtopography. 


Horizon* 


Depth 


Description 


0 


0-2 cm 


Live lichen, needles. 


Oi 


2-4 cm 


Slightly decomposed peat, dry, with insignificant (<10%) 
admixture of fine earth, clear transition. 


AOa 


4-7 cm 


Dark brown dry loam mixed with highly decomposed plant 
residues, sharp transition. 


Blwjjg 


7-21 cm 


Brown, with redox depletions, clayey, wet, cryoturbated, 
with loose granular foliated structure, slightly thixotropic, 
+5°C (20 cm). 


BlB2wjjg 


21-35 cm 


Darker and more compact, with gley features, clayey, with 
humus tongues, clear boundary. 


B2wjjg 


35-53 cm 


Dark; compact; clayey; with foliated structure; humus 
streaks along the fissures; clear boundary. 


BCjjg 


53-63 cm 


Dove-black; strongly gleyed; clayey; with inclusions of 
black peaty mass due to cryoturbation; with some 
thixotropy. 


Cf 


63-73 cm 


Frozen horizon with high ice content; ice lenses; -0.4°C 
(70 cm). 



* Horizon designation follows Soil Survey Staff, 1999. 



Table 2.6.4. The profile of a typical Pale soil (Eutri-Turbic Cryosol), as described from Pit 
15-1958. The site is approximately 900 m asl on the southwestern slope (6°) of a ridge that 
serves as a divide between the Agayakan and Kuidusun Rivers (Verkhoyansk district). The 
relative height above the bottom of the Oimyakon Depression is about 200 m. The slope is 
covered by a larch stand with a shrub layer of dwarf birch, willow, and Pinus pumila. Red 
bilberry, moss (in microdepressions), and lichens (on small hummocks) compose the 
ground cover. The diameter of hummocks is about 0.5 to 1.0 m; their relative elevation is 
about 20 cm. The profile characterizes the soil of a hummock. 



Horizon* 


Depth 


Description 


Oi 


0-2 cm 


Dry dark brown litter of slightly decomposed lichens, nee- 
dles, and leaves. 


A 


2-10 cm 


Grayish pale, loamy, with a weak "curdled" structure; 
abundant roots, slightly dry; inclusions of fine channers 
(up to 20%); distinct transition. 


Blw 


10-30 cm 


Grayish light pale, loamy, rather compact, slightly moist, 
few fine roots, up to 50% of channers, distinct transition. 


B2w 


30-75 cm 


Brownish pale, loamy, wet to satiated wet, no roots, indis- 
tinct "curdled" structure, up to 70% of channers, underlain 
by permafrost. 


BCf 


>75 cm 


Frozen loam filling the spaces between gravel and chan- 
ners; fine earth contains ice crystals. 



* Horizon designation follows Soil Survey Staff, 1999. 







Chapter 6. Soils and Soil Cover of Northeastern Eurasia 



171 



Table 2.6.5. Soil profile of a Pale Calcareous Soil as described from Pit 24-1968 on July 
21, 1968, on the Yukagir Plateau. The site is on a steep (12°) southwestern slope at 200 m 
asl. The slope is covered by a sparse larch stand with dwarf willow and birch. Low shrubs 
are represented by bilberry. Lichens, green mosses, and grasses with some participation of 
horsetail compose the ground cover. The microrelief is not expressed. The soil develops 
from the pebbly residuum of Devonian limestone. 



Horizon* 


Depth 


Description 


Oi 


0-4 cm 


Litter layer. 


AOa 


4-10 cm 


Mucky-humus horizon, black, well-decomposed organic re- 
mains constitute up to 50% of the volume, silty loamy fine 
earth, densely penetrated by roots, inclusions of fine limestone 
pebble, charcoal particles, gradual transition. 


ABw 


10-13 cm 


Grayish dark brown, loamy, with granular structure, penetrated 
by roots, limestone pebble, no effervescence in the fine earth, 
sharp transition. 


Bw 


13-19 cm 


Dark brown loam with granular-blocky structure, abundant 
roots, considerable amounts of limestone pebble, distinct transi- 
tion. 


BCwk 


19-27 cm 


Brown loam, slightly wet, up to 50% of limestone pebble, dis- 
tinct effervescence of both pebble and fine earth, gradual transi- 
tion. 


Ck 


27-60 cm 


Brownish gray structureless loam admixed to limestone debris 
(70 to 80% of the mass of horizon). 


Rk 


>60 cm 


Limestone debris. Permafrost is not found. 


* Horizon designation follows Soil Survey Staff, 1999. 


Table 2.6.6. A profile of a 


Deep-Gleyic Podzol, described in pit 88-1960, on a terrace of 


the Ola River on the northern coast of the Sea of Okhotsk under a larch stand with lichen- 
mossy ground cover. The soil surface has a hummocky topography. 


Horizon* 


Depth 


Description 


Oi 


0-5 cm 


Slightly decomposed peaty litter. 


AOa 


5-9 cm 


Humus-mucky horizon, black-brown, wet, loamy, with indis- 
tinct platy structure and weak features of cryoturbation, dis- 
tinct transition. 


E 


9-12 cm 


Whitish loam with weak features of cryoturbation and gleyza- 
tion, loamy, with uneven boundary. 


Bis 


12-22 cm 


Yellowish brown loam with admixture of gravel, slightly wet, 
with indistinct gleyic features and clear indices of cryoturba- 
tion, gradual transition. 


B2g 


22-45 cm 


Transitional loamy horizon with increased content of gravel 
and distinct gley features in the form of ocherous and olive 
mottles. 


BCfg 


45-70 cm 


Frozen brownish loam with considerable admixture of gravel 
material, rather compact, evident gleyic features, low-ice 
permafrost. 


Cf 


70-85 cm 


Gravelly, with admixture of loamy fine earth and weak indi- 
ces of gleyzation. 



^Horizon designation follows Soil Survey Staff, 1999. 
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5. Major Soil Groups 

5.1. Cryozems 

Pedological literature introduced the term Cryozem in 1973 and suggested that 
Cryozems be defined as autonomous hydromorphic soils with icy permafrost and 
different degrees of gleyzation (Naumov, 1973). Later, this term was applied to 
autonomous hydromorphic soils without any features of gleyzation. Two soil 
types were distinguished in the group of Cryozems: Thixotropic Cryozems and 
Peaty (Homogeneous) Cryozems (Sokolov, 1980). 

The subdivision of Cryozems at the type level is based on the proportion of or- 
ganic and mineral parts of the soil profile. Thixotropic Cryozems (Oxyaqui-Turbic 
Cryosols) are the soils with relatively thin organic horizons underlain by cryotur- 
bated mineral horizons with permanently high water content and thixotropic prop- 
erties, but without gley features. The permafrost table is at a depth of less than 1.0 
m from the soil surface. Peaty Cryozems (Turbi-Histic Cryosols (Oxyaquic)) have 
a thick (20 to 35 cm) organic layer underlain by an organo-mineral horizon con- 
taining less than 30% (by weight) organic matter. Ice-cemented permafrost is typi- 
cally at a depth of 30 to 50 cm. 

Thixotropic Cryozems are widespread in taiga and tundra zones within leveled 
interfluves, gentle slopes, and terrace-like surfaces. They develop on clayey to 
loamy materials with low coarse fragment content and impeded internal drainage. 
The hummocky or polygonal-trough cryogenic microtopography is very typical of 
the areas with Thixotropic Cryozems. Patterned ground features are very distinct 
and dictate the complexity of the soil cover. The soils of hummocks occupy about 
75 to 90% of the area and the soils of troughs, from 10 to 25% (Figure 2.6.1a). 
Cryozems are allocated to hummocks. In Russian taxonomic systems, the soils of 
the troughs between hummocks are distinguished separately. Thus, the combina- 
tion of a soil on a hummock (Thixotropic Cryozem) and a soil in the surrounding 
troughs (usually, peaty soils with shallow permafrost) forms the cryogenic soil 
microcomplex (Figure 2.6.1b). 

At pit 1-1967, the slope is covered by an open stand of larch with small shrubs 
and moss-lichen cover (Tables 2.6.1 and 2.6.2). Relatively elevated solifluctional 
stripes along the slope cover about 80% of the area and alternate with shallow hol- 
lows of meadow-wetland vegetation. Elevated land stripes (sorted or non-sorted 
striped patterned ground) are complicated by a hummocky microtopography that 
dictates the differentiation of soils and vegetation at the microlevel. Lichens pre- 
dominate on hummocks, whereas mosses cover surrounding troughs. In the 
troughs around the hummock, the thickness of O horizons can reach >20 cm. Fro- 
zen, brown, clayey material with admixture of pebble and gravel underlies them. 

The profile of a typical Thixotropic Cryozem consists of the following hori- 
zons: Oi-AO-(A)-Bwjj-Cf. The organic layer is thin (about 10 cm) and consists of 
peaty or mucky-peaty material. Sometimes, the soils contain a humus horizon. The 
mineral mass except for the A horizon is structureless, is water-saturated during 
the growing season, and displays thixotropic properties. Iron concentrations, as 
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well as redox depletions, are not typical of Thixotropic Cryozems. However, some 
features of gleyzation occur in the intergrades between Thixotropic Cryozems and 
Gleyzems-Gleyic Thixotropic Cryozems (Stagni-Turbic Cryosols). 

Ice-cemented permafrost occurs at a shallow depth (usually, about 50 to 80 cm 
from the soil surface). The deepest active layer location is typically at the central 
part of hummocks. Usually, Cryozems display evident features of cryoturbation. 
The fragments of organic horizons occur in the mineral mass of Cryozems. 

There is no differentiation of mineral horizons by texture and bulk chemical 
composition. Soil reaction is acid in organic horizons and slightly acid to neutral 
in mineral horizons. Cryogenic involutions induce gradual mixing of the mineral 
mass with organic material; often, the fragments of plant tissues and humic mot- 
tles occur in deep horizons, just above the permafrost table, or even inside it. A 
diffuse distribution of finely dispersed charcoal particles is typical of mineral ho- 
rizons of Thixotropic Cryozems (Naumov and Gradusov, 1974). 

The degree of decomposition of organic remains in the organic layer and in the 
upper mineral horizon increases in Cryozems developing in extremely continental 
areas from relatively rich parent materials (loess-like loams). The humus content 
in the upper mineral horizon of such soils may reach 5 to 6% and more. 

Peaty Cryozems consist of a thick Histic horizon (up to 30 to 35 cm) underlain 
by the mixture of organic and mineral materials with permafrost at a depth of 
about 50 cm. These soils are common in relatively humid cold continental regions, 
including the northeastern margins of Eurasia. 



5.2. Gleyzems (Cryogleyzems) 

A high degree of hydromorphism and the presence of gley features in the soil pro- 
file, in combination with cryoturbation, are the major characteristic features of 
Cryogleyzems. These soils develop both in humid coastal regions and in semi-arid 
interior regions of northeastern Eurasia. Usually, they occupy nearly level and 
concave parts of slopes, developing from loamy materials with high water reten- 
tion capacity, icy underlying permafrost, and impeded drainage. 

Typical Cryogleyzems (Gleyi-Turbic Cryosols) consist of a relatively thin or- 
ganic surface horizon underlain by a cryoturbated mineral horizon with gley fea- 
tures. The distribution of these soils is much wider than that of Cryozems. 
Cryogleyzems occur in all parts of northeastern Asia with some predominance in 
humid coastal regions. The character and thickness of the organic surface horizon 
may vary, depending on local conditions; usually, this layer has a mucky or 
mucky-peaty character. 

Cryoturbation is better pronounced in tundra and sparse forest areas with thin 
snow cover and deep soil freezing. The soils developed on river terraces under 
relatively dense forest stands are less susceptible to cryoturbation, which is con- 
nected with deeper snow cover and less active soil freezing. Typical 
Cryogleyzems are also associated with a hummocky cryocomplex. In the trough 
zone, the thickness of the surface organic layer is about 20 cm underlain by a satu- 
rated mineral horizon and a permafrost table at 25 cm deep. 
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The profile of Typical Cryogleyzems consists of the Oi-Bwjjg-Cf horizons 
(Table 2.6.3; see Pit 1 12 on Table 2.6.1). Often, a humus horizon is present under 
the surface peaty layer. The mineral mass of these soils is rather compact; after 
drying, it becomes indurated. Often, it displays thixotropic properties in lower ho- 
rizons. Iron segregations and redox depletions occur throughout the solum. 

The soil profile is underlain by ice-rich permafrost and is saturated with water, 
especially immediately above the permafrost table. No eluvial-illuvial differentia- 
tion features appear. Cryoturbation leads to mixing of the soil profile. 

Physiochemical properties of Typical Cryogleyzems vary within a wide range 
of values. Organic horizons are strongly acid and have low base saturation. Soil 
pH in mineral horizons varies from strongly acid to neutral and even alkaline val- 
ues, depending on the composition of parent rocks. 

In the coastal zone of the Sea of Okhotsk, some Cryogleyzems display distinct 
differentiation of the profile; they are distinguished as Tundra eluvial-gley soils 
(Gleyi-Turbic Cryosols (Albic)). These soils are associated with gravelly morainal 
deposits developed in hummocky cryocomplexes with Typical Cryogleyzems and 
Peaty Soils of cryogenic troughs (Naumov et al., 1990). 

Peaty Cryogleyzems (Turbi-Histic Cryosols (Gleyic)) have a deep organic layer 
(<40 cm) underlain by a cryoturbated mineral horizon with gley features. These 
soils occur in complexes with Typical Cryogleyzems and Peaty Cryogenic soils. 



5.3. Peat and Peaty Gley permafrost-affected soils and their cryo- 
genic compiexes 

This group of soils encompasses a wide spectrum of hydromorphic soils develop- 
ing in conditions of permanent saturation and the presence of ice-rich permafrost 
that serves as an aquiclude. These soils develop in all natural zones of northeastern 
Eurasia (northern taiga, forest-tundra, and tundra) under moss, sedge, and sedge- 
moss associations. They are common in the depressions but also occur on the 
interfluves, river terraces, flat-topped ridges, and footslopes, i.e., in all geomor- 
phic positions with impeded drainage. Peat soils with shallow permafrost can de- 
velop even on steep northern slopes with ice-cemented stony rocks. 

Peat soils are subdivided into oligotrophic, transitional, and eutrophic soils dif- 
fering by the degree of decomposition of plant remains and chemical composition 
of feeding water. A detailed analysis makes it possible to reveal some differences 
in the properties of peat soils developed in different zones in mountainous and 
plain landscapes. The thickness of organic horizon varies from 40 to 80 cm and 
more. The depth of active layer ranges from 30 to 50 cm. Oligotrophic Peat Soils 
(Fibri-Cryic Histosols) - peaty soils of highmoor bogs - usually have acid reac- 
tion; Eutrophic Peat Soils (Sapri-Cryic Histosols ) - peaty soils of lowmoor bogs 
- have a slightly acid or neutral reaction. Peat soils occur in complexes with other 
types of permafrost-affected seasonally freezing soils (Fluvisols, Oxyaquic and 
Gleyic Cryosols, etc.), which the soil maps reflect (Naumov, 1993). 
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5.4. Metamorphic Pale Soils 

Pale (Palevye) soils develop in continental regions of northeastern Eurasia with 
semi-arid climate (the evapotranspiration exceeds precipitation). Insufficient pre- 
cipitation retards the illuviation of Al-Fe-humus compounds; at the same time, soil 
leaching is sufficient to prevent the development of Ca-illuvial horizon. Thus, Pale 
Metamorphic soils (T urbic Cryosols, Gelic Cambisols) are considered the transi- 
tional group between Al-Fe-humus soils - Podzols (Spodic Cryosols) and Ca- 
illuvial soils - Cryoarid steppe soils (Calci-Mollic Leptosols). 

Pale metamorphic soils develop from loamy and pebbly-loamy silicate-rich par- 
ent materials under northern taiga and tundra vegetation in relatively drained sites. 
There are two subgroups: Typical Pale Soils (Eutri-Turbic Cryosols, Eutri-Gelic 
Cambisols) with neutral reaction and high base saturation and Unsaturated Pale 
Soils (Turbi-Leptic Cryosols [Dystric], Lepti-Gelic Cambisols [Dystric]) that 
were previously described under the names of Podburs and Pale Podburs (Nau- 
mov, 1980). Typical Pale soils have a thin organic horizon, a humus or mucky- 
humus horizon, and a metamorphic Bw horizon. The latter horizon bears the fea- 
tures of in situ soil weathering with the release of iron from crystal lattices of min- 
erals; autochthonous films of iron oxides cover the soil particles. Typical Pale 
soils tend to predominate in more arid conditions, whereas Unsaturated Pale soils 
are widespread in semi-arid regions. 

The absence of distinct horizon development and relatively monotonous 
brownish pale color of the soil mass characterize Typical Pale soils (Table 2.6.4). 
Active cryoturbation is not typical of them. Cryogenic phenomena show in cryo- 
genic cracking, freezing out (sorting) of coarse particles and stony material, the 
development of platy (cryoplaty) soil structure, and the development of patterned 
ground. 

Pale soils developed from calcareous parent materials may have carbonates in 
mineral horizons. These are Pale Calcareous Soils (Calcari-Leptic Cambisols) 
(Table 2.6.5). 

Pale soils are the modal soils in interior regions of northeastern Eurasia. 



5.5. Al-Fe-Humus Soils 

Al-Fe-humus soils - Podzols and Podburs (Podzols or Spodic Cryosols) — are 
common in humid regions of northeastern Eurasia. Most of them are developed in 
the areas with deep permafrost or without permafrost at all. However, Deep Gleyic 
Podzols (Gleyi-Turbic Cryosols (Spodic)) are Podzols that have gley features in 
their lower horizon, which is underlain by an ice-rich frozen layer (either perma- 
frost or persistant seasonal frost). Table 2.6.6 gives a profile description for this 
soil. 

Similar soils, but without the E horizon, are Podburs (Entic Podzols) (pit 72- 
1959, Table 2.6.1). These soils develop under larch taiga with moss-lichen ground 
cover and form associations with Typical Podzols (Haplic Podzols) and Peat soils 
(Cryic and Gelic Histosols). They differ from Typical Podzols in their finer tex- 
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ture of bottom soil horizons, where water stagnation and the development of re- 
doximorphic features occur. Cryoturbation phenomena are not very pronounced. 
In coastal areas, a thick peaty layer (Folic) horizon on the mineral surface of Pod- 
zols and Podburs develops. These soils are Dry-Peaty Podzols and Podburs (Histi- 
Gelic Podzols, Histic Podzols). 



5.6. Fluvisols 

Cryogenesis does not strongly affect Fluvisols, mineral soils developing on flood 
plains. Their properties (except for the temperature regime) do not differ much 
from the properties of Fluvisols developing beyond the permafrost zone. The per- 
mafrost table, if present, is at a depth of more than 1 m. However, the ice content 
in the permafrost may be considerable. Fluvisols developing from gravelly, loamy 
material display the features of cryogenic sorting of rock fragments. Cryoturbation 
is more pronounced on high flood plains not subjected to annual floods. In this 
case, the soil cover of flood plains is cryo-complexes of Soddy Gley Meadow Flu- 
visols (Geli-Gleyic Fluvisols) and Peaty Gley Fluvisols (Gleyi-Histic Fluvisols 
[Gelic]) of wetland areas. 



6. Soil Zones and Soil Distribution 

Figure 2.6.2, which is a scheme of soil-geographic regions, shows the main geo- 
graphic regularities of the soil landscape pattern of northeastern Eurasia. The 
taxonomic system of soil regionalization includes soil belts, regions, zones and 
subzones (on plains), provinces, and districts, distinguished on the basis of com- 
ponents of the soil landscape connected with particular agents of soil formation. 
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Figure 2.6.2. Map of northeastern Eurasia showing the major soil-geographic regions. The 
dark line separates the Polar belt (I) from the Boreal belt (II). The Polar belt is subdivided 
into the Arctic soil (A) and Tundra soil (T) zones. The Boreal belt is subdivided into the 
continental (C) and Pacific (P) zones. The prefix ‘m’ modifies Zone designations if the area 
is mountainous. Soil development, which this chapter describes, determines additional sub- 
divisions. 
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Figure 2.6.3. Soil map of Northeastern Eurasia. (See “Legend to Figure 2.6.3, next 
page.) 
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Legend to the map in Figure 2.6.3. 



Index Soils 

Polygonal-trough and circle-shaped (spotty) cryocomplexes of arctic and tundra soils 
with shallow and ice-rich permafrost 

Ar Arctic and Arctic-Gley Soils, Soils of Cryogenic Troughs, and Stony Polygons 
(Gleyi-Turbic Cryosols) 

TgP Peaty and Peat Tundra-Gley Soils (Turbi-Histic Cryosols(Gleyic)) 

Ter Tundra Cryozems (including gleyic varieties) (Oxyaqui-Turbic Cryosols) 
Polygonal-trough and circle-shaped (spotty) cryocomplexes of tundra soils with deep 
and low-ice permafrost 

PBt Tundra Podburs (Spodic Cryosols, Gelic Podzols) 

PLt Tundra Pale Soils (Gelic Cambisols, Turbic Cryosols) 

MCt Tundra Mucky-Calcareous Soils (Rendzinas, Soils of Circles, and Soils of 

T rou gh s ) (Cal car i-Turbic C^osols, Lepti-Gelic Cambisols (Calcaric)) 

Taiga Soils (permafrost-affected, with dry permafrost, and without permafrost) 

PB Taiga Podburs (Gelic Podzols, Entic Podzols) 

PB^^*’ Dry-Peaty Podburs (Lepti-Histic Podzols) 

MC Mucky-Calcareous Soils (Pale Rendzinas) (Calcari-Leptic Cambisols) 

Po^^ Dry-Peaty Humus-Illuvial Podzols (Histic Podzols) 

Po Podzols (including Ocherous, Humus-Illuvial, and Humus-Rich Varieties) (Pod- 
zols) 

Pog Peaty-Gley Podzols (predominantly, humus-illuvial podzols with gley above 
permafrost) (Gleyi-Gelic Podzols, Spodi-Gleyic Cryosols) 

PI Pale Soils (including Mucky, Raw-Humus, Cryoturbated, and Calcareous varie- 
ties) (Gelic Cambisols, Calcaric Cambisols, Turbic and Haplic Cryosols) 

Tag Taiga Gley and Gleyic Humus/Peaty/Mucky Soils and their Cryocomplexes 
(Gelic Gley sols and Gleyi-Turbic or Histic Cryosols) 

Cr Cryozems (including Peaty-Mucky and Pale-Cryozems) and their Cryocom- 
plexes (Oxyaquic Cryosols) 

Steppe Cryoarid Soils (Calci-Mollic Leptosols ) 

Bog and Flood-Plain Soils and Their Cryocomplexes 
P Peat Soils (Cryic Histosols, Gelic Histosols) 

G^ Peat and Peaty Gley Soils of Bogs with Shallow Ice-Rich Permafrost (Cyric 
Histosols, Turbi-Histic Cryosols (Gleyic)) 

F Flood-Plain Soils (including Soddy, Soddy-Gley and Swampy varieties) (Fluvi- 

_ _ sols, Gelic Fluvisols) 

Miscellaneous 

Pr Primitive Stony Soils (Lithic Leptosols) 

R Rock Outcrops 

S Sands 



Climatic factors (temperature and the degree of moistening) dictate the separa- 
tion of soil belts and regions. The vegetation cover (tundra, taiga, etc.) determines 
the separation of soil zones and subzones. Soil provinces on plains depend on the 
degree of climatic moistening and local lithological conditions; in mountains, on 
the vertical sequence of altitudinal soil zones. Soil districts (not shown on the 
map) reflect local geomorphic conditions. 
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The territory of northeastern Eurasia belongs to two soil-geographic belts (Fig- 
ure 2.6.2): the Polar belt (XT° >10° is <600°C) and the Boreal belt (XT° >10° is 
600 tol400°C). 

The Polar belt (I) (Figure 2.6.2) includes the zones of Arctic (A) soils and Tun- 
dra (T) soils. The Tundra zone includes the northern subzone (Tl) with Cryozems, 
Cryoturbated Gleyic soils, and Podburs (Oxyaqui- and Gleyi-Turbic Cryosols and 
Spodic Cryosols) and the southern continental subzone (T2) with Cryozems, Cryo- 
turbated Gleyic soils, and Pale soils (Oxyaqui- or Gleyi-Turbic Cryosols, Turbic 
Cryosols). 

Areas of plains with typical Arctic soils under Arctic tundra and subpolar desert 
vegetation are mainly to the north of the continent, within the Novosibirskie Is- 
lands and the Wrangel Island (see the chapter on the soil landscapes of the Russian 
Arctic Archipelagos). Arctic Tundra Gleyic soils (Gleyi-Turbic Cryosols) in com- 
bination with Peat Tundra Gley soils (Turbi-Histic Cryosols [Gleyic])^ Mucky- 
Calcareous Tundra soils (Calcari-Leptic Cryosols), Peat soils {Cryic Histosols\ 
and Tundra Podburs (Spodi-Leptic Cryosols), occur on a relatively small area of 
plains in the northern portion of the Chukotka Peninsula. 

Mountainous areas with Arctic tundra vegetation occur in the Chukotka Penin- 
sula (mTl) (Figure 2.6.2). In its western part, the soil landscape includes Primitive 
Stony soils (Lithic Leptosols) and Pale soils (Leptic Cryosols) alternating with 
rock outcrops (mTli). In the eastern part with more humid climate, Podburs and 
Dry-Peaty Podburs (Histi-Gelic Podzols) substitute for Pale soils (mT 22 ). In 
places with calcareous bedrock, Mucky-Calcareous Tundra soils (Calcari-Gelic 
Leptosols) occur. 

The main areas of tundra plains are on the vast coastal lowlands in the north. 
This is the area of cryogenic hummocky and polygonal-trough complexes of Peaty 
Tundra-Gley soils (Turbi-Histic Cryosols (Gleyic)) (centers of hummocks) and 
Peat soils (T urbi-Histic Cryosols) (interhummock troughs). Complexes of 
Thixotropic Cryozems (Oxyaqui-Turbi Cryosols) and Peat soils occupy better 
drained sites. 

In the western part between the Lena and Indigirka Rivers (T2i) (Figure 2.6.2), 
the share of Cryozems in the soil landscape is less than in the eastern part of this 
zone (T 22 ). Peat and Peat Tundra-Gley soils predominate in the Anadyr Lowland 
(T 23 ). Isolated areas of Tundra-Gley soils (Gelic Gleysols) occur in the Penzhina 
River valley and along a narrow strip of coastal lowlands as far to the south as 
59°N. 

The Boreal belt (II) (Figure 2.6.2) includes two regions: (a) the East Siberian 
continental region (C) with permafrost-affected northern taiga soils - Pale soils 
(Turbic Cryosols and Gelic Cambisols), Podburs (Enti-Gelic Podzols), Steppe 
Cryoarid soils (Calci-Mollic Leptosols), Cryozems (Qxyaqui-Turbic Cryosols), 
and Taiga Gley soils (Gleyi-Turbic Cryosols) and (b) the Pacific (P) coastal region 
of Podzols (Podzols), Podburs (Entic Podzols), and Eluvial-Gley soils (Gleyi- 
Turbic Cryosols [Albic]). 

The continental region consists of a single zone of taiga soils (in the mountains 
is an altitudinal zonality with predominant areas under sparse thin forests and tun- 
dra vegetation). Plains characterize two provinces (Figure 2.6.2): Cl, the Lena- 
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Aldan province (to the west of Verkhoyansk Ridge) of Taiga Gley soils (Gleyi- 
Turbic Cryosols), Cryozems (Qxyaqui-Turbic Cryosols), Peat soils (Cryic Histo- 
sols), and Pale soils (T urbic or Haplic Cryosols); and C2, the Indigirka-Kolyma 
province of Cryozems, Taiga Gley soils, Podburs, and Peat soils. The latter prov- 
ince includes several districts within the Indigirka-Kolyma interfluve, separated by 
mountainous territories. 

In turn, the mountainous territories include two vast provinces (Figure 2.6.3): 
mC3, the western province occupying Verkhoyansk Suntar-Khayata Ridges with 
Pale soils (Turbic or Haplic Cryosols)^ Podburs (Enti-Gelic Podzols), Cryoarid 
Steppe soils (Calci-Mollic Leptosols), Cryozems (Oxyaqui-Turbic Cryosols), 
Primitive Stony soils (Lithic Leptosols), and rock outcrops; and mC4, the eastern 
province (Cherskiy, Yukarir, and Kolyma ridges) with the predominance of Pod- 
burs, Pale Soils, Cryozems, Primitive Stony soils and rock outcrops. 

Within the Pacific region (Figure 2.6.3), Tundra eluvial-gley soils (Gleyi- 
Turbic Cryosols [Albic]) and Humus-Illuvial Podzols (Haplic Podzols) and Pod- 
burs (Entic Podzols) under tundra and northern taiga vegetation (PI) occupy the 
plains in the Penzhina River basin; Humus-Illuvial Podzols and Podburs, with mi- 
nor participation of Gley soils (Gleysols,) cover the coastal plains near Magadan 
(P2), which have a coarser texture of rocks. In the mountainous territories of the 
Koryak Ridge (mP3) are the areas of Eluvial-Gley Taiga and Tundra soils (Gleyi- 
Turbic Cryosols [Albic]), Peaty Gley soils (Turbi-Histic Cryosols [Gleyic] or 
Geli-Histic Gleysols), and Primitive Stony soils (Lithic Leptosols). The southern 
(Magadan) mountainous province (mP4) is the area of Humus-Illuvial Podzols 
(Haplic Podzols) and Podburs (Entic Podzols) (including Dry Peaty variants), and 
Primitive Stony soils (Lithic Leptosols). 

In general, the portion of permafrost-affected soils in the Pacific coastal region 
is low, except for its northern part. At the same time, the influence of cryogenesis 
on the pattern of soil development is evident everywhere, in the complexity of mi- 
crotopography with distinct patterned ground features. Polygonal-trough and 
hummocky nonsorted patterns predominate in the areas with a thick mantle of 
loose loamy and clayey parent materials; sorted nets and polygons develop on 
stony substrates. 

Aspect also complicates altitudinal zones in continental regions. In particular, 
the areas with steppe vegetation (with Steppe and Tundra-Steppe Cryoarid soils) 
are widespread on southern slopes, whereas taiga forests with Pale soils and Pod- 
burs cover the northern slopes at the same altitudes. 



7. Conclusion 

Northeastern Eurasia is a vast region with extremely diverse physiographic and 
permafrost conditions. The soil survey of this region started in the late 1950s. At 
present, the map of 1:2.5 M scale is available for the whole territory. There are 
some large-scale soil maps for key plots in the Magadan region, Kolyma Lowland, 
and some other areas. 
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The range of soil development of northeastern Eurasia is very diverse. Cryo- 
genic processes affect nearly all soils. The extreme influence of cryogenesis on 
pedogenesis appears in hydromorphic heavily textured (clay loamy and clayey) 
soils with shallow (<1 m) permafrost and active cryoturbation in continental areas 
with semi-arid climate. These soils are distinguished as specific Non-Gley Cryo- 
hydromorphic soils, or Cryozems (Oxyaqui-Turbic Cryosols). They have inter- 
grades with Gley soils (Gleyi-Turbic Cryosols). The minimum influence of cryo- 
genesis on soil development appears in coarsely textured stony soils on southern 
slopes. These soils are Steppe Cryoarid soils (Calci-Mollic Leptosols) with well 
pronounced humus horizon and, often, with secondary carbonates in the B hori- 
zon. Usually, they do not contain permafrost. 

The main differentiation factor in soil formation is climate, i.e., the degree of 
atmospheric moistening. The areas with humid climate occupy the western slope 
of Verkhoyansk Ridge and the eastern (Pacific) part of the territory, where Al-Fe- 
humus mesomorphic soils (Podzols and Podburs) and hydromorphic Gley and 
Peat soils predominate. The central part of northeastern Eurasia has an ultraconti- 
nental semi-arid and arid climate. Humus-accumulative Steppe Cryoarid soils and 
metamorphic Pale soils prevail in this region among xeromorphic and mesomor- 
phic soils. Hydromorphic soils include Cryozems and Peat soils. The lithological 
factor, i.e., filtration properties and water retention capacity of parent materials, 
and regional soil drainage characteristics mainly control the development of me- 
somorphic or hydromorphic soils. Hydromorphic soils are typical of heavily tex- 
tured, clay loamy materials with shallow, ice-rich permafrost. 
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1. Introduction 

This chapter summarizes the systematic information on the soils and soil cover of 
the Russian European North which before now has been known almost only by the 
Russian-speaking community of soil scientists. 

The Russian European North is where researchers first obtained information on 
tundra soils and distinguished the specific features of tundra pedogenesis 
(Liverovskiy, 1934). However, the Cryosols of the Russian European North do not 
belong to the nucleus of the permafrost-affected soil concept. 

Most of this tundra region includes non-permafrost areas and areas of sporadic 
and discontinuous permafrost. But the climate’s alternate heavy freezing and 
thawing causes pronounced cryoturbation, heaving, and other processes specific to 
frozen ground and, because of the ground’s seasonal freezing, these features are 
striking in northern Europe even in permafrost-free areas (Tamm, 1928; Polynt- 
seva and Ivanova, 1936). Thus, information on soils of plains, where they gradu- 
ally change from common Histosols, Podzols, and Luvisols into Gelic and Cryic 
suborder soils and Cryosols, is very important to our understanding of global and 
regional aspects of soil geography. 

The soil cover of the Russian European North consists of naturally divided 
subregions (Figure 2.7.1): the Kola Peninsula, with the mountains of Khibiny; a 
small area of Koida tundra; the Kanin tundra of the Kanin Peninsula; the Maloze- 
melskaya tundra to the west of the Pechora River; the Bolshezemelskaya tundra to 
the east of that river; the tundra of the Yugor Peninsula with the Pai-Hoi highland; 
and the Ural Mountains, where sporadic permafrost reaches 60® n.l. in the south. 
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Figure 2.7.1. Regions of the Russian European North. Kola - Kola Peninsula; Kh - Khib- 
iny mountains; K - Koida tundra; Kanin - Kanin tundra; MZ -Malozemelskaya tundra; BZ 
- Bolshezemelskaya tundra; Yugor - Yugor Peninsula; URAL - Ural Mountains. 

The soils of the Russian European North have been studied for many decades, 
and information on the soil cover of the region was used to compile the national 
soil map of Russia (Fridland, 1988). In some regions of East European tundra, the 
very detailed studies of soil cover, characteristics of humus, physico-chemical and 
mineralogical composition, soil temperature, moisture regimes, and other dynamic 
parameters were organized. But soil information is very irregular about the whole 
territory of the Russian European North. The eastern part of the Kola Peninsula, 
the Koida tundra, and many parts of the Kanin and Malozemelskaya tundras have 
not been investigated well. 
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2. Soil-Forming Factors of the Russian European North 

The information on soil-forming factors of the Russian European North comes 
from relevant monographs (Belov and Baranovskaya, 1969; Targulian 1971; Ig- 
natenko, 1979; Nikonov and Pereverzev, 1989; Goryachkin et al., 1994). 



2.1. Geological and relief characteristics 

The Russian European North is mostly a plains area with a thick quaternary layer 
of loose sediments. Stony and rocky materials and deeply dissected topography 
occur only in Khibiny and other mountains and highlands of the Kola Peninsula, 
the Kanin and Timan highlands (which are very old mountains of Precambrian 
Baikal tectonic epoch and therefore very eroded), and the Ural mountains. All the 
territory was glaciated in the Quaternary period. 

The Kola Peninsula is mainly a zone of glacial denudation, and its substrates 
are mostly very stony and gravelly sandy moraines upon granite and gneiss rocks. 
The other territory is a combination of glacial-marine, moraine, and limno- and 
fluvio-glacial deposits of loamy, clayey, and, to a lesser extent, sandy texture. The 
eastern part of the Bolshezemelskaya tundra is covered with loess-like silty loams. 
Marine and alluvial substrates occur on coasts and river terraces. The rocky mate- 
rial is nipheline syenit in Khibiny, granite and gneiss in Kola, and shale, sandstone, 
and limestone with small areas of basic rocks in Kanin, Timan, Pai-Hoi, and the 
Urals. Being derivatives of granites and gneiss of Kola, the glacial deposits of 
Koida tundra are brown and originated from shales. The loose sediments of the 
eastern regions often are brownish gray. 

Permafrost-affected relief forms are spread out in the Russian European North. 
In mountainous areas, sorted and non-sorted nets, stripes, and polygons are char- 
acteristic features. Paisas, hummocks, sorted and nonsorted circles, and other dif- 
ferent kinds of patterned ground are widespread in plains areas. All these perma- 
frost-affected forms of relief result in the formation of a soil pattern, as it is called 
in the Russian literature, of soil cover complexity - regular alternation of different 
soils. 



2.2. Climate 

All the territory has a cold and humid climate. But many climatic characteristics 
differ, depending mostly on the distance from the seacoast; the nearer to the coast, 
the smaller the amplitude of winter and summer temperatures. The summer tem- 
perature increases from north to south and decreases from foothills to summits of 
the mountainous and highland areas. Thus the mean annual temperatures in tundra 
of the Russian European North vary from -0.8"" C (Kola) to -7.6®C (Yugor Penin- 
sula). 
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The mean July temperature is the highest in forest-tundra (+12°C) and the low- 
est in the coast of the Kara Sea of Yugor Peninsula (+5.8®C). In the mountains of 
Kola (900m a.s.L), the mean July temperature is +8°C. The lowest mean January 
temperature is in the easternmost forest-tundra (-19.8^C), and the mildest winter is 
in the tundra of western Kola Peninsula (-5.5®C). This is because of the strong in- 
fluence of the North Atlantic’s warm oceanic currents on the western part of the 
Russian European North, and because of the effect of very cold Siberian and Arc- 
tic air in the eastern continental part in winter. 

The mean annual precipitation in the area varies from 273 mm for the east of 
the Yugor Peninsula, to 450 to 550 mm for forest tundra on the plains, to 700 to 
800 mm in Khibiny, to 1000mm in Ural Mountains. These values are at least twice 
larger than those of evapotranspiration in summer for the northern part of the ter- 
ritory and 1.5 times larger than those for the southern part of the territory. How- 
ever, the larger portion of precipitation (50 to 75%) is snow. The strong winds re- 
distribute snow, and its thickness depends on topography and vegetation. In bushy 
hollows in the southern tundra, 4m of snow can accumulate, while in higher lati- 
tudes the snow cover of hills is 10 to 30 cm. 



2.3. Permafrost 

The Russian European North is the area of different permafrost continuity and 
depth of the active layer. The Yugor Peninsula, the northern part of the Bolsheze- 
melskaya tundra, and high altitudes (ca 500 to 600 m) of the mountains are in the 
zone of continuous permafrost. The depth of the active layer varies here from 20 
cm in peat to 1 m in stony substrates. 

The zone of discontinuous permafrost occupies the other part of tundra, except 
those of Kola. The active layer here increases from north to south (from 0.3 to 0.6 
in paisas, 0.6 to 3.0 on loamy substrates, and 0.9 to 5.0 on sands). 

The sporadic permafrost is in paisas of forests of the eastern part of the terri- 
tory, in forest-tundra of the central part, and in the tundra of eastern Kola. The 
western Kola, both in tundra and forest-tundra, is permafrost-free. 



2.4. Vegetation 

The vegetation of the area is tundra and forest-tundra. Only on the high mountain 
tops of the Khibiny and Urals is the scarce and impoverished moss-lichen vegeta- 
tion, with sparse flowering plants, characteristic - there are “goltsy” or alpine bar- 
rens here. 

Arctic tundra (herbaceous, moss-herbaceous) is the vegetation of the northern 
part of the Yugor Peninsula. The rest of it and the northern parts of the Bolsheze- 
melskaya and Malozemelskaya tundra belong to a dwarf-shrub-mossy tundra 
subzone, with widespread sedge-moss swamps. Willow standings are typical for 
river valleys here. And most of the region belongs to a dwarf-birch subzone of 
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tundra with a large share of boreal species, Sphagnum bogs, and open woodlands 
in river valleys. 

The transition to the boreal forests zone of forest-tundra differs in the western 
and eastern parts of the area. In the Kola Peninsula and the Koida tundra, the tran- 
sition is mainly of low birch (Betula tortuosa) with an admixture of spruces. In the 
Kanin, Malozemelskaya, and Bolshezemelskaya tundra, the forest outposts are 
mainly spruce parklands with an admixture of birches and larches. The common 
element for alpine transition from forest to tundra is the gramen-herb meadow 
communities of the Ural Mountains. The meadow-like communities (lugovinas) 
are also typical for well drained slopes of hollows of plains tundras. 



3. Major Soil Units 

Because of the diversity of soil-forming factors, a wide spectrum of Cryosols, soils 
of Gelic suborders, and non-permafrost soils have developed in the Russian Euro- 
pean North. Tables 2.7.1 and 2.7.2 present the morphological and chemical data of 
several reference profiles, but these profiles cannot represent all the varieties of 
soils in the studied area. 

The coldest parts of the territory are covered with Arctic tundra weakly gleyic 
humic soils (Stagni-Turbic Cryosols) and Peaty bog gleyzems (Turbi-Histic Cryo- 
sols [Gleyic]), which are described in the chapter on the Russian Arctic Archipela- 
gos. 

Tundra mucky gleyzems (WRB equivalents: Gleyi-Turbic Cryosols, Stagni- 
Turbic Cryosols) are widespread soils on loamy and clayey substrate in the north- 
ern half of the territory. Their characteristic features are pronounced stagnic or 
gleyic properties and thixotropy. The upper horizons are the litter (if any) and the 
mucky horizon that is the mixture of well decomposed organic matter and mineral 
particles from lateral migration of fine earth from barren cryogenic spots. Some- 
times the mucky horizon is like the saprihistic horizon of Histosols. These soils are 
strongly cryoturbated. 

Tundra peaty gleyzems (WRB equivalents: Turbi-Histic Cryosols [Stagnic or 
Gleyic], Geli-Histic Gleysols, Stagni-Gelic Regosols [Histic], Histic Gleysols) are 
very widespread soils in the Russian European North. There are so many WRB 
equivalents because of the high amplitude of cryic conditions for their area. They 
are distinguished by a combination of gleyic or stagnic properties and a histic hori- 
zon 10 to 40 cm thick. This thickness fluctuates with hummocky microrelief The 
features of different cryogenic disturbances are characteristic for these soils. 

Tundra peaty-mucky gleyzems (WRB equivalents: Turbi-Histic Cryosols [Stag- 
nic]), which have the features of the both soil types, also occur, especially in the 
northern part of the Malozemelskaya tundra. 
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Tundra Podburs (WRB equivalents: Spodi-Turbic Cryosols, Enti-Gelic 
Podzols, Entic Podzols) are predominant soils of the Russian European tundra on 
sandy and well drained stony material. They are distinguished for their lack of a 
(or very thin) bleached horizon over a spodic horizon. The WRB equivalent de- 
pends on the cryogenic status of the concrete profile. If the permafrost is shallow, 
the gleyic features related to cryogenic aquiclude are common in Podburs of the 
northern part of the area. These soils also are cryoturbated in both permafrost and 
non-permafrost conditions. 

Podzols (WRB equivalents: Gelic Podzols, Haplic Podzols, Spodi-Turbic Cryo- 
sols [Albic]) are soils very like Podburs. They differ by the presence of an Albic 
horizon, but they usually occupy warmer positions in landscapes or more southern 
areas than Podburs and have a deeper active layer. Thus they correlate mostly with 
WRB Podzols and less frequently with Cryosols. 

The most pronounced permafrost-affected features of the Russian European 
North are palsas-peat mounds, which are distributed from eastern Kola to the bo- 
real forest zone of Ural. Usually, paisas are circled by wet swampy pools. Peaty 
bog degraded soils (WRB equivalents: Cryic Histosols) occur on the paisa and 
Peaty bog mesotrophic soils (WRB equivalents: Eutric Histosols) occur without 
(or very deep) permafrost in the pools. More detailed characteristics of bog perma- 
frost-affected soils are given in the chapter on West Siberian Cryosols. 

Loamy Tundra differentiated podzolized gleyzems (WRB equivalents: Albi- 
Stagnic Luvisols, Albi-Stagnic Luvisols [Gelic]) occur in the southern part of the 
Russian European North. They have some features of Podzolic texturally differen- 
tiated soils (WRB equivalents: Albeluvisols, Luvisols). In Russian papers they of- 
ten are called “eluvial-gleyic soils.” They have analytically pronounced textural 
differentiation but no albeluvic tonguing and small evidence (if any) of lessivage 
because of high moisture content, thixotropy, and stagnic features. They could oc- 
cur with permafrost (1 to 2 m) and without or with very deep permafrost. The other 
soils near the tree line are Podzolic soils of the southern tundra, with permafrost 
within 2 m (Gelic Albeluvisols) and with a pronounced Argic horizon and albelu- 
vic tonguing (See the section in this paper on Koida tundra). 

Soils of tundra lugovinas (meadows) (WRB equivalents: Ochric Regosols, 
Haplic Phaeozems) are soils with a well developed sod and humic horizons under 
grassy vegetation in snowy warm relief positions - well drained slopes of tundra 
hollows. The soil of the profile 11-93 (Tables 2.7.1 and 2.7.2) requires only 3 cm 
of humic horizon thickness to be classified as Phaeozem, so some of these soils 
could match the criteria of Phaeozems but were not specially studied. 

Mountainous soils of the Urals and Kola are close in genesis to those of the 
plains and have the same names, in accordance with the Russian approach (WRB 
equivalents: Podburs, Podzols, Gleyzems), but WRB names usually differ because 
of the Leptic suborder (e.g., mountainous Podburs equal Turbi-Leptic Cryosols 
[Spodic]). But there are also specific soils on rocky substrates, which are widely 
distributed. They are Mountainous primitive soils (WRB equivalents: Lithic Lep- 
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tosols). Their profiles are characterized by litter and a shallow fine earth horizon 
(Table 2.7.1). 

Rarer soils occur in the upper belts of the Ural Mountains near the southernmost 
outposts of permafrost. They are Mountainous forest-meadow soils (Ochri-Gelic 
Leptosols, Geli-Umbric Leptosols) with pronounced sod and usually are unsatu- 
rated by cations with humic horizons, overlaying lithic and paralithic contact. They 
developed under grassy vegetation within the belt of birch parklands. 

Alluvial acid soils (Dystric Fluvisols) and Alluvial bogged soils (Histic Fluvi- 
sols, Gleyic Fluvisols and Fluvi-Histic Cryosols) are the common soils for flood 
plains of large rivers and Marshy saline soils (Salic Fluvisols) occur widely in the 
tidal zone of the White and Barents Seas. In these riparian positions, non- 
permafrost soils are common, as taliks (bodies of unfrozen ground) occur here. 



4. Soil Covers 



4.1. The Kola Peninsula 

The Kola Peninsula is the westernmost and therefore the warmest part of the Rus- 
sian European tundra. It is one of the rare places where tundra soils are perma- 
frost-free. 

The climate of the tundra part of Kola is characterized by a mean annual tem- 
perature of -0.8 to -1.5®C, a mean January one of -6 to -lO^C, and a mean July one 
of +7.5 to +lUC. At higher altitudes (ca 900 to 1000 m), the mean annual tem- 
perature is lower, -3.6°C, as the winter temperatures are lower (mean January, -12.6 
®Q, while the summer ones are the same (+8.8®C). 

Scientists have studied the soil cover of the Kola Peninsula since the 1930s 
(Polyntseva and Ivanova, 1936; Ivanova and Koposov 1937; Belov and Baranov- 
skaya, 1969; Targulian 1971; Nikonov and Pereverzev, 1989; Goryachkin et al., 
1994). The most noticeable characteristic of all the Kola tundra soil cover (both 
latitudinal and alpine) is the well pronounced evidence of intensive cryoturbations 
in non-permafrost areas. This is related to the shallow bedrock, which plays a role 
of cryogenic aquiclude, locking the soil profile from the bottom. 

The main tundra soils of the Kola Peninsula are Podburs (Entic Podzols on 
sandy materials and Lepti-Entic Podzols on stony material with shallow lithic 
contact) and Podzols (consequently, Haplic Podzols on sands and Hapli-Leptic 
Podzols with shallow bedrock). The Podburs lack the Albic horizon because of 
both Fe-rich parent materials (gabbro and basalts of the some alpine tundras) and 
cryogenic disturbances, which prevent the E horizon’s formation (Targulian, 
1971). 

The imperfectly drained soils are Gleyed podzols (Gleyic or Stagnic Podsols). 
In some parts of eastern Kola tundra are loamy Tundra gleyzems (Dystric 
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Gleysols), partially with deep permafrost (Dystri-Gelic Gleysols) (Belov and Ba- 
ranovskaya, 1969; Goryachkin et al, 1994). 

The slopes and small summits adjacent to the sea often have no soils at all, as 
only bare rock outcrops and Mountainous primitive soils (Lithic Leptosols) occur 
there. As a rule, they are very small in area, compared to rock outcrops. 

Genuine permafrost-affected soils appear only in the eastern half of the Kola 
tundra zone and only in peat lands — Peaty bog degraded soils (Cryic Histosols) 
on the paisa, and, in high altitudes. Mountainous primitive soils (Lithic Leptosols) 
or Embriozems (Nikonov and Pereverzev, 1989). The soils of the peat land of the 
permafrost-free western Kola tundra are Eutric and Dystric Histosols. 



4.2. Koida Tundra 

The Koida tundra is a small tundra area on the coast of the White Sea, stretched 
out for 30 to 40 km from the seashore into the continent. It is very important to the 
soil geography in the Russian European North because part of it has the same geo- 
genic parameters (relief and substrates) as large boreal plains to the south: glacial 
plains with loose moraine and limno-glacial deposits - sands and loams with an 
admixture of gravels, stones, and boulders. 

The parent materials are Scandinavian glacial sediments, originally brown, un- 
like the parent materials of the eastern parts of the Russian European tundra, where 
brownish gray predominates (see above). Koida tundra also has karst topography 
(not the same as thermokarst) because of relatively shallow, extremely karstified 
hard gypsum bedrock. 

The climate is the same as in eastern Kola. The vegetation is dwarf birch south- 
ern tundra, with outposts of low birch (Betula tortuosa) parklands and extensive 
areas of paisa mossy bogs. 

No reliable soil information on Koida tundra soils exists, and this territory was 
mapped from extrapolation from the nearest tundra sites (Fridland, 1988). When 
we studied this region, we found Koida tundra covered mainly by extremely cryo- 
turbated Podzols (Haplic Podzols) and Gleyed podzols (Histi-Gleyic Podzols) 
(Figure 2.7.2). But there was no evidence of permafrost in sandy material, at least 
to the depth of 3 m. Permafrost is present in loamy and organic material. 

We identified Podzolic gleyed upon cryogenic aquiclude soils (Stagni-Gelic 
Albeluvisols [Ruptic]) on sandy-loamy (with discontinuity in the parent material) 
moraine substrates on well drained hill summits and slopes. 

Peaty bog degraded soils (Cryic Histosols) occurred on the paisas and peat pla- 
teaus, alternating with Peaty bog mesotrophic and oligotrophic soils (Eutric and 
Dystric Histosols), common for vast flat limno-glacial areas of Koida tundra. 
String bogs with Dystric Histosols substitute for them to the south. Karst land- 
scapes are well drained and the cryoturbated Haplic Podzols are widespread. Soil 
cover differs because of the orientation of sinkholes’ slopes; Haplic Podzols with 
Ochric horizons occur on south-oriented slopes, and Haplic Regosols with pro- 
nounced solifluction terraces occur on north-oriented ones. 
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Figure 2.7.2. Cryoturbation features in a non-permafrost Haplic Podzol of Koida tundra 
under dwarf-shrub-mossy vegetation (Profile 20-86; Goryachkin). Microrelief is 
pronounced. Permafrost was not found at a depth of 2.5 meters. 



4.3. Kanin, Malozemelskaya, and Bolshezemelskaya Tundras 

The Kanin, Malozemelskaya, and Bolshezemelskaya tundra regions form the main 
body of the Russian European North, stretching for about 800 km from west to 
east and about 250 km from north to south. But the soil cover of these 3 regions 
has much in common, due to similar geogenic and climatic conditions. 

The main territory of this macroregion alternates low plains and post-glacial 
uplands. Glacial-marine, moraine, and limno- and fluvio-glacial deposits of loamy, 
clayey, and sandy texture are widespread. The eastern part of the Bolshezemel- 
skaya tundra is covered with loess-like silty loams. Rocky material occurs only in 
very small areas of the Kanin and Timan highlands. 

Climatic conditions vary because of the large extent of the territory. The mean 
annual temperature varies from -1 .S'" in the White Sea coast area of the Kanin tun- 
dra to -5.4® in the continental and easternmost Vorkuta. Winter temperatures (in 
January, respectively, -11® and -19®) most affect the annual mean, as in summer the 
mean temperature rises from 8® in the north to 12^ in the south. Precipitation is 
about 300 to 400 mm on the whole territory, so the difference in the temperature 
regime causes the gradient of cryogenic conditions and vegetation. 

Continuous permafrost (the depth of the active layer is 20 to 40 cm in peat, 40 
to 60 cm in loam, and 60 to 80 cm in sand) occurs only in the north of easternmost 
Bolshezemelskaya tundra. To the north of ca 67® n.L, permafrost covers 70 to 90% 
of the area (the active layer is 40 to 60 cm in peat, 60 to 100 cm in loam, and 90 to 
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150 cm in sand). The rest of the territory of the region has discontinuous and spo- 
radic permafrost: 30 to 40% of the area, up to 70% in the northern part (the active 
layer in peat mounds is 40 to 60 cm; in loams, 2 to 3 m; in sands 3 to 5 m; swampy 
pools are permafrost free). 

The northern parts of the Bolshezemelskaya and Malozemelskaya tundra belong 
to the dwarf shrub-mossy tundra subzone, with widespread sedge moss swamps, 
and the rest of the region belongs both to the dwarf birch subzone of tundra with 
Sphagnum bogs and with open spruce-birch woodlands in river valleys, and to the 
subzone of forest tundra. 

Scientists have studied this vast region much for soil distribution and genesis 
(Ivanova and Polyntseva, 1952; Kreida, 1958; Archegova, 1967; Parshevnikov, 
1967; Gribova and Ignatenko, 1970; Ignatenko 1967, 1971, 1972, 1979; Rusa- 
nova, 1994; Goryachkin et al., 1994, 1995). But most of the studies were done for 
the eastern part - Bolshezemelskaya tundra - and other areas remain poorly ex- 
amined. 

The most widespread types of patterned ground of mineral soils in this region 
are hummocks, developed due to cryogenic heaving (Figure 2.7.3a). Strong winds 
erode the surface of a hummock with ice crystals, and this type of patterned ground 
turns into “spotty tundra” (Figure 2.7.3b), tundra with non-sorted circles (Ivanova 
and Polyntseva, 1952). Hummocks and spotty tundra can occur in areas of differ- 
ent soils. 

In the northern part of the region on loamy materials. Tundra mucky gleyzems 
(Gleyi-Turbic Cryosols, Stagni-Turbic Cryosols) occur, while Tundra peaty 
gleyzems (Turbi-Histic Cryosol [Stagnic or Gleyic], Geli-Histic Gleysols) and 
Tundra peaty-mucky gleyzems (Turbi-Histic Cryosols [Stagnic]) occur in the cen- 
tral part. In the southernmost parts of the tundra and in forest tundra, hummocky 
and “spotty” tundras occur within areas of Tundra differentiated podzolized 
gleyzems (Albi-Stagnic Luvisols, Albi-Stagnic Luvisols [Gelic]). These types of 
patterned ground are also widespread on sandy substrates: within areas of Tundra 
Podburs (Spodi-Turbic Cryosols, Enti-Gelic Podzols) and Podzols (Gelic Podzols, 
Haplic Podzols, Spodi-Turbic Cryosols [Albic]). 

The flat areas and depressions in the interior of undulated and hilly topography 
have paisa and peat plateau bogs which consist of two organic soils. Peaty bog de- 
graded soils (Cryic Histosols) on a paisa or a peat plateau and Peaty bog mesotro- 
phic soils (Eutric Histosols) without (or very deep) permafrost in the pool. Only in 
the northernmost parts of the territory with the coldest climates are the swampy flat 
areas occupied mainly by Peaty bog gleezems (Turbi-Histic Cryosols [Gleyic]). 

Figure 2.7.4 shows the example of soil cover of the southern part of Bolsheze- 
melskaya tundra with alternating of “spotty,” hummocky tundra and paisa bog. 

Soils of tundra lugovinas (meadows) (Ochric Regosols) also occur as a compo- 
nent of soil cover of Kanin, Malozemelskaya and Bolshezemelskaya tundra. They 
occupy the well drained slopes of hollows and river valleys. Usually, they have 
deep permafrost, if any, because of warmer conditions - south-oriented slopes and 
accumulations of snow. 
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Figure 2.7.3. The most widespread types of soil-microrelief complexes (patterned ground) 
of Kanin, Malozemelskaya, and Bolshezemelskaya tundras: a) hummocky tundra, b) 
“spotty tundra” - tundra with non-sorted circles. Soil horizons (FAO): 1- O; 2 - AO; 3 - 
Br; 4 - Bg; 5 - BC. 



4.4. Yugor Peninsula 

The Yugor Peninsula is the most northeastern part of the Russian European North, 
and that is why it is the coldest, especially on the shore of the Kara Sea. The mean 
annual temperature of Amderma is -7.6''C, the mean in July is 5.8®C, and the mean 
in January is -19.5^C. 

The Pai-Hoi range, with its schists and limestone, occupies the center of the 
peninsula, while marine deposits containing water-soluble salts in deeper layers 
make up the peninsula margins. Loamy and clayey substrates predominate here, 
but sandy and stony materials also play the role of parent substrata for soils. 
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Figure 2.7.4. Soil landscape of undulated plain in the southern part of the Bolshezemel- 
skaya tundra. Soils: 1 . Albi-Stagnic Luvisols (spotty tundra - tundra with non-sorted cir- 
cles), 2. Histic Gleysols (hummocky tundra), 3. Eutric Histosols, 4. Cryic Histosols (pai- 
sas). 

Botanists consider the territory of the Yugor Peninsula to be the southern vari- 
ant of Arctic tundra. Sedge-herbaceous-polar willow communities occupy the well 
drained positions and sedge-cotton-grass-mossy ones are typical for poorly drained 
flat areas. 

Polygon tundras with Arctic tundra weakly gleyic humic soils (Stagni-Turbic 
Cryosols) with cryogenic circles having salic features (2.2% of salts in upper 2 cm) 
and Tundra peaty gleyzems (Turbi-Histic Cryosol [Stagnic or Gleyic]) in depres- 
sions are the typical soil complex for the Yugor Peninsula. Liverovsky (1934) 
conducted the first studies of Yugor soils, but Ignatenko (1963) systematically in- 
vestigated them. 

Tundra mucky gleyzems (Gleyi-Turbic Cryosols) are the soils of poorer drain- 
age where hummocky tundras prevail. Tundra Podburs (Spodi-Turbic Cryosos) 
occupy sandy, well drained positions, and Podburs on stony substrates (Turbi- 
Leptic Cryosols [Spodic]) are common for the Pai-Hoi highland. Peaty bog 
gleezems (Turbi-Histic Cryosols [Gleyic]) occupy mainly the swampy flat areas, 
but in more favorable conditions Peaty bog degraded soils (Cryic Histosols) occur 
on the small paisas and Peaty bog mesotrophic soils (Eutri-Cryic Histosols) occur 
elsewhere. 

Tundra mucky calcareous soils (Rendzic and Calcaric Leptosols) are well 
drained soils on limestone under dryas communities. Mountainous primitive soils 
(Lithic Leptosols) and rock outcrops occur in some places of Pai-Hoi tops. 
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4.5. Ural Mountains 

The Urals are a mountainous chain stretched about 1000 km. along the meridian 
from the Yugor Peninsula to the steppe zone far in the south. The altitude here is 
about 800 to 1000 m, up to 1895 m. Such a long chain crosses several landscape 
zones (tundra and taiga) and subzones. Some alpine belts also occur in the Urals: 
tundra, alpine tundra, alpine barren in the north; taiga, meadow-birch parklands, 
alpine tundra, alpine barrens in the south. The parent materials of the Ural soils are 
shallow rock debris, mostly of basic rocks in the north and shales in the south. 

Several specialists studied the soils of the Urals (Belyaev, et al., 1965; Zaboeva, 
1975; Firsova and Dedkov, 1983). Permafrost-affected soils predominate in the 
north (to the north of Arctic Circle), but in the south they mostly occupy only the 
highest altitudes. Certainly, the predominant element of soil cover of high altitudes 
is rock and rock debris outcrops. 

Mountainous primitive soils (Lithic Leptosols) are also common soils in every 
alpine belt. In tundra and alpine tundra belts, well drained Podburs and Podzols 
(Turbi-Leptic Cryosols [Spodic]) are common for mature soils. The soils of 
meadow birch parklands are Mountainous forest meadow soils (Ochric Leptosols, 
Umbric Leptosols). On gradual slopes in places of fine earth accumulation. Peaty 
gleyzems (Turbi-Histic Cryosols [Gleyic]) occur both in tundra and parkland belts, 
as do Cryic Histosols. The bog soils without permafrost (Eutric and Dystic Histo- 
sols) also occur in depressions and valleys of this zone (Belyaev et al., 1965). 



5. Conclusions 

The Russian European North is the westernmost place on the continent of Eurasia 
where permafrost-affected soils occur in the plains. That is why the soil cover of 
this area consists both of Cryosols and permafrost-free soils. The percentage of 
Cryosols in the soil cover increases from west to east and from south to north. 
However, only in the northeastern part is permafrost-affected soil cover continu- 
ous. 

The specific feature of the territory is extensive and intensive cryoturbations in 
both Cryosols and seasonally frozen tundra soils. The dominant soils here are 
Gelic Gleysols and Turbi-Histic Cryosols (Gleyic or Stagnic) on loams, Haplic, 
Entic, and Gelic Podzols and Spodi-Turbic Cryosols on sands, and Eutric, Dystric, 
and Cryic Histosols on poorly drained flat sites. The highlight of the territory is the 
wide distribution of texturally differentiated soils (Albi-Stagnic Luvisols, Albi- 
Stagnic Luvisols [Gelic] and Gelic Albeluvisols) in the southern part of the tundra 
zone. 
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1. Introduction 

Cryosols are widespread in the northern and central regions of western Siberia, 
from 73^30' to 62® N latitude, where they formed under a vast spectrum of condi- 
tions, from tundra to taiga, including swampy areas (Figure 2.8.1). Between 62® 
and 60® N latitude, these soils occur only within the coldest ecotopes of forest ar- 
eas. The features, diversity, and geography of Cryosols depend on both recent and 
paleoclimatic factors that control the presence and properties of permafrost (tem- 
perature, content of ice, depth, and water and heat regimes of the active layer). 



2. Factors of Soil Formation 

2.1. Climate 

The western Siberian plain holds a transitional place between two climatic re- 
gions, the Atlantic climate of Europe and the extremely continental climate of Si- 
beria. Table 2.8.1 gives climatic data for different natural zones and sub-zones. 
Climate continentality increases from northwest to southeast. Annual precipitation 
increases from north to south, and its largest portions fall in summer (55% in the 
north and 70% in the south) and in autumn. Precipitation as snow (80 to 85%) 
prevails in the north, and rains predominate (70%) in the south tundra and in for- 
est-tundra. The snow cover lasts from 220 to 240 days in tundra and forest-tundra 
and from 170 to 220 days in taiga. Its thickness varies from several meters in de- 
pressions to only 20 to 30 cm on uplands, because of the strong winds typical for 
this territory. 
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Figure 2.8.1. Natural Zones and Sub-zones in western Siberia. Boundaries. A. Western and 
eastern boundaries of West Siberia; B. Zonal boundaries; C. Subzonal boundaries; D. Arctic 
Circle boundaries. Zones and Sub-zones: I. Tundra, 1. Arctic (Sedge-Lichen-Moss), 2. 
Dwarf Shrub-Lichen-Moss, 3. Shrub; II. Forest-Tundra; III. Taiga, 4. Northern (Spruce- 
Larch), 5. Central (Siberian cedar-Spruce-Fir). 



2.2. Parent materials and topography 

Marine, glacial-marine, and fluvioglacial deposits of the middle and upper Qua- 
ternary ages cover the western Siberian plain. These deposits show significant 
spatial variation in texture, from sands to loams and clays, with inclusions of a 
buried peat. The substrates usually are stratified, even within soil profiles. 
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Table 2.8.1. Climate data for natural zones and sub-zones in western Siberia. 



Zone/sub 


Mean temperature, ®C 


Frost- 


Precipitation, mm 




Snow Cover, 


-zone. 








free Days 








Cm 




Yr. 





Jan. 




Yr. 


Sum. 


Win. 




Tundra 


Arctic 


-9.6 


5.7 


-23.5 


40-52 


285 


115 


170 


50-60 


Dwarf 

Shrub-moss 


-11.2 


8.1 


-24.7 


63 


325 


195 


130 


60-70 


Shrub 


-9.2 


10.0 


-25.2 


77 


400 


240 


160 


40-50 


Forest 

tundra 


-6.0 


12-14 


-23 to -27 


80-90 


400 


240 


160 


60-70 


Taiga 


North 


-4.9 


15-16 


-22 to -26 


80-100 


450-525 


350-400 


100-125 


70-80 


Central 


-3.4 


17 


-19 to -23 


95 


450-525 


350-400 


100-125 


80-100 



In the middle part of the plain (between the Ob and Enisei Rivers), sands and 
loamy sands prevail. In its western part (between the Urals and the Ob River), as 
well as within the Yamal Peninsula, loamy sandy and loamy clayey deposits have 
equal extent. The texture of the deposits on the Gydan Peninsula becomes finer 
from south to north, and, on the east Kara Sea coast, montmorillonite clays are 
widespread. Middle and Late Holocene peat deposits are widespread parent mate- 
rials. They cover 30 to 50% of the given territory. 

The absolute height of the western Siberian plain is from 0 to 5 m asl (within 
the Kara Sea coast) to 150 to 200 m asl; altitudes of <100 m prevail. Upland 
territories constitute a minor portion of the area, 7% of the tundra zone and 20% 
of the taiga zone. The depth of erosional dissection within lowlands does not 
exceed 5 m; slopes of <1.5 degrees predominate. Thermokarst, which is an 
additional factor of mezo- and microrelief differentiation, occurs extensively. 

Thus, the characteristic lithologic-geomorphologic features of the territory are 
level and low topography, poor drainage, and peaty and stratified sedimentary 
parent materials. 



2.3. Permafrost and the active layer depth 

Judging from the character of the heat exchange between the ground and the at- 
mosphere, three permafrost zones (continuous, discontinuous, and sporadic) occur 
from north to south (Shpolyanskaya, 1973). 

The continuous permafrost zone includes the whole tundra and the northern 
part of forest tundra up to 67^ N latitude. The active-layer depth depends almost 
totally on the snow cover’s thickness; the role of vegetation depends on its ability 
to favor snow’s accumulation. The depth of thawing directly connects with the 
presence and thickness of the histic horizon and indirectly with the texture of the 
soil (Table 2.8.2). 
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Table 2.8.2. The depth (cm) of the active layer in soils of the tundra sub-zones in the con- 
tinuous permafrost zone on different parent material deposits. 


Sub-zones of tundra 




Types of deposits 






Loam and clay 


Sand 


Peat 


Arctic 


30-50 


60-75 




Dwarf shmb..moss 


30-70 


50-110 




Shrub 


65-100 


80-100 





The discontinuous permafrost zone includes a greater part of forest tundra 
and the north of the taiga, up to about 65^ N latitude. In general, the thickness of 
the active layer varies significantly in forest tundra and taiga zones, depending on 
landscape conditions (lithology, moisture or ice content in soil, aspect and gradi- 
ent of slope, and type of vegetation). Under peat bogs, permafrost begins from a 
depth of less than 1 m, usually 40 to 50 cm. Under forests (often swamped), the 
same depth of thawing occurs in soils formed on loamy clayey deposits and on 
layered sandy loams and loams in conditions of poor drainage (Targulian et al., 
1972; Ovchinnikov et al., 1973; Koposov, 1976). In well drained soils on these 
parent materials, the active layer of soils may be 1.5 to 2 m thick or more. Deeper 
active layers occur in soils on loamy sands and sands (Tyrtikov, 1973). 

The sporadic permafrost zone spreads up to -62^ N latitude in the center of 
the West Siberian Plain, up to ~60^ N latitude in its eastern part, and up to the po- 
lar circle in the vicinity of the Urals (Figure 2.8.1). Cryosols have small local ar- 
eas, confined to elevated topographic elements within mossy dark coniferous 
(usually associated with poorly drained soils) forests on clays and within oligotro- 
phic bogs. 

In the discontinuous and sporadic cryolithozones, the modem spatial dynamics 
of permafrost occur. At present, frozen ground appears under forests as they begin 
to waterlog. Under swamped forests and young peat bogs, a seasonal frost turns 
into permafrost. Further accumulation of peat and water in bogs degrades the per- 
mafrost (Tyrtikov, 1973; Karavaeva, 1982). 



2.4. Vegetation 

The territory of western Siberia includes three geobotanic zones (tundra, forest 
tundra, and taiga), two of which (tundra and taiga) include sub-zones that reflect 
differences in the composition of plant communities. 

The tundra zone extends over 750 km from the north to the south. Its northern 
sub-zone, the Arctic tundra, is mostly on the Yamal and also on the Gy dan Penin- 
sula, up to ~72^ north latitude. In this sub-zone, hummocky and tussocky phyto- 
cenoses composed of dwarf shmbs, sedges, and mosses occupy loamy watersheds; 
many mud circles and cryogenic cracks appear. On watersheds of sands and 
loamy sands, lichens become a significant component of plant communities; bare 
circles are 1.0 to 1.5 m in diameter and cover nearly 50% of the surface. Within 
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depressions and coastal areas, low-center polygon bogs usually occur. Mosses, 
herbaceous plants, and dwarf shrubs mostly occupy shoulders of polygons, while 
sedges, arctophila, dupontia, and mosses are confined to low centers and cryo- 
genic cracks. 

The next sub-zone, the dwarf shrub-lichen-moss (sub-Arctic) tundra, includes 
greater parts of the Yamal and Gy dan Peninsulas and has a southern boundary at 
about 68^ N latitude. Its characteristics are an abundance of dwarf shrubs from 20 
to 25 cm tall; a high canopy density; willows in river valleys; peat plateau bogs 
and paisa bogs (along with low-center polygon ones); and large areas of swamped 
tundra with a tussocky microrelief and a prevalence of sedges, moss, and lichen 
species. 

In the southern sub-zone, birch, willow, and alder and considerable numbers of 
tussocky phytocenoses and bare circles dominate the shrub tundra. Near its south- 
ern boundary, 67^ N latitude, rare larch trees grow; areas of low-center polygon 
bogs reduce, and those of peat plateau and paisa bogs extend. 

The forest tundra zone has a width of 100 to 250 km (Vasilievskaya, et al., 
1986). Open woodlands (spruce and larch) occur only on flat watersheds and gen- 
tle slopes with thick snow cover. Tundra vegetation grows in windy places with a 
thinner snow cover. Only small areas of low-center polygon bogs occur, whereas 
peat plateau and paisa bogs occupy more than 50% of the forest tundra and north- 
ern taiga. Micro- and mezorelief of these bogs is very distinct, due to an intensive 
thermokarst. The vegetative cover of many frost mounds, especially hillocks, of- 
ten has been destroyed mechanically. Depressions are wide and deep; water ac- 
cumulation and peat formation occur in most of them. 

The taiga zone has extensive areas of poorly drained soils (50 to 75% of the 
territory), especially in the north. Coniferous spruce, Siberian cedar, and fir for- 
ests with mossy forest floors spread up to 60^ N latitude within relatively drained 
areas and on loamy clayey materials, where permafrost occurs within a 1-m depth; 
these forests correspond to the southernmost positions of Cryosols. Pine and pine- 
larch forests occur on sandy loams and sands that have a sporadic permafrost at a 
depth of over 2 to 3 m. Large areas of oligotrophic string fen bogs occur. Perma- 
frost can form within 1 m at the highest points of these bogs. 



3. Paleogeography of the Holocene 

Several climatic changes took place during the Holocene in the northern and cen- 
tral regions of western Siberia that caused shifts of natural zones and transforma- 
tions of permafrost (Kats, 1957; Hotinsky, 1977). During the Boreal period (8.0 to 
9.2 thousand years ago), forests invaded the tundra beyond the polar circle. The 
Atlantic period (4.6 to 8.0 thousand years ago) was warmest and most humid, and 
the northward shift of the forest belt ranged from 200 to 400 km; peat lands ac- 
tively formed and extended to surrounding landscapes. 
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During the Subboreal period (2.3 to 4.6 thousand years ago), the mean annual 
temperature decreased by 3 to 7^C, the climate’s continentality increased, and 
spruce forests retreated to 3 to 4^ southward. The Subatlantic period had the cold- 
est and most continental climate, which caused a further retreat of coniferous for- 
ests and an increased growth of peat bogs. 



4. Main Soil Groups and their Geography 

On the basis of literature and cartographic data, the permafrost-affected soils in 
western Siberia can be grouped as described below. Conventional Russian taxon- 
omy for the region appears first, followed by the World Reference Base (WRB) 
(ISSS Working Group RB, 1998) equivalent taxa, in brackets. 



4,1, Tundra Gleyzem (Turbi-Histic Cryosols [Stagnic]) 

Soils of this group have the surface histic or O horizon of 5 to 15 cm, mineral ho- 
rizons with cryogenic and gleyic features, and permafrost from a depth of 50 to 
100 cm. They occur in tundra and forest-tundra on elevated topographic positions. 
Judging from the drainage and temperature conditions and the amount of plant 
residues, this group includes Tundra Mucky Gleyzems (Turbi-Saprihistic 
Cryosols [Stagnic]), Tundra Peaty Gleyzems (Turbi-Fibrihistic Cryosols [Stag- 
nic]), and Tundra Differentiated and Podzolized Gleyzems (Turbi-Fibrihistic 
Cryosols [Endogleyic and Albic]). 

The first spread mainly in the Arctic tundra and lichen-moss tundra. The sec- 
ond occur throughout tundra and forest tundra. The third occur in the shrub tun- 
dra, forest tundra, and northern taiga, because temperature conditions, including 
the duration of a warm period and the depth of thawing, control the development 
of textural differentiation. 



4.2. Tundra Mucky Gleyzems (Turbi-Saprihistic Cryosols [Stagnic]) 

These soils’ properties illustrate changes in soil-forming conditions, in compari- 
son with those in Europe, which the more continental climate in western Siberia 
causes (Ivanova, 1962). These changes result in better decomposition of plant 
residues, a smaller thickness of the histic or O horizon, a partial aeration of the 
upper horizons, the maximum development of gleyic features over the permafrost, 
and the small depth of an active layer. 

In western Siberia, such soils often occur on hummocks in the mud circles tun- 
dra, which has a hummocky tussocky pattern ground. Hummocks are from 40 to 
60 cm in diameter and 5 to 15 cm tall; microdepressions between them are 10 to 
15 cm wide; circles are 20 to 30 cm in diameter and usually occur on elevated po- 
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sitions. All these dimensions increase from the north to the south of the tundra. 
(See Example 2.8.1.) 

An acid reaction and an unsaturated exchange complex are typical for all soil 
horizons (Table 2.8.3). The humus profile shows, by their high concentration, a 
deep penetration of labile humus substances into the mineral part of the soil. Usu- 
ally, there are two peak concentrations of the illuvial humus, one in the AlBh ho- 
rizon and the other near the contact with permafrost. Humin represents almost half 
the organic matter. The C/N ratio is very wide, especially in the 03 horizon. 
Fulvic acids prevail over humic ones; the Cha/Cfa in the O horizon is 0.27. 

No differentiation occurs in distribution of soil particles <0.001 and <0.01 mm 
or of the total content of AI2O3, K2O, and Na20 (Tables 2.8.3 and 2.8.4). How- 
ever, a weak differentiation in bulk Fe occurs; the minimum is in the Brl, and 
maxima are in the Bg and Br3 horizons. Simultaneous downward and upward 
flows of iron-containing solutions during the soil’s freezing cause this distribu- 
tion. An upward migration results in the accumulation of iron in the form of ox- 
ides in the Bg horizon. A downward migration leads to an increase in iron concen- 
tration in the permafrost horizon; however, anaerobic conditions prevent the 
oxidation. 

The soils of a mud circle, Ochri-Gleyic Turbic Cryosol, within such a pattern 
ground, have a dry thin surface crust <1 cm thick, which is often glossy due to the 
presence of iron-humus compounds. The ABhg horizon underlies this crust. It re- 
sembles the upper mineral horizon formed under vegetation but is gleyed. Beneath 
it, the horizonation is the same as in the Turbi-Saprihistic Cryosol. 

The specific features of Ochri-Gleyic Turbic Cryosol are the absence of the 
surface O horizon, an upward convexity of boundaries between horizons, their 
cryogenic break, and the burying of fragments of the upper layers into the lower 
ones. 



4.3. Tundra Peaty Gleyzems (Turbi-Fibrihistic Cryosols [Stagnic]) 

Turbi-Fibrihistic Cryosols (Stagnic) occupy microdepressions between hum- 
mocks. These soils occur in different types of patterned ground and often (in cases 
of a poor drainage) are dominant components. Example 2.8.2 describes such soil. 

An unsaturated exchange complex within a 50-cm deep layer and an acid pH 
increasing with depth are quite typical (Table 2.8.3). The profile distribution of 
labile humus substances, which penetrate down to the permafrost layer, is uniform 
(2 to 3%). The Cha/Cfa ratio is about 1.0 in upper horizons and from 0.4 to 0.5 in 
deeper ones. 

Considerable seasonal variations occur in the humus composition. In the upper 
horizons, the content of humic and fulvic acids decreases along with an increase 
in the proportion of humin during freezing. At the same time, an increase in the 
content of humic acids and a decrease in the content of fulvic acids take place in 
lower horizons. Upon thawing, the concentration of fulvic acids becomes higher, 
and that of humin gets lower. Such a cyclic cryogenic transformation of the hu- 
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mus composition probably reduces the chemical action of humus (Dergacheva and 
Dedkov, 1977). 

The contents of clay (<0.001 mm) and of physical clay (<0.01 mm) are uniform 
to a depth of 94 cm (Table 2.8.3). Bulk concentrations of elements in the total 
mass and in the clay fraction (<0.001 mm) are the same (Table 2.8.4). Reduction 
conditions and a stagnant water regime that hinders the removal of iron com- 
pounds from the profile explain the relatively high content of non-silicate iron. 
The clay fraction is mostly hydromica, mixed-layer silicates, kaolinite, and chlo- 
rite (Vasilievskaya, et al., 1986). 

In complexes with Turbi-Fibrihistic Cryosols (Stagnic), soils of mud circles 
have a homogenous gleyed profile with an indistinct horizonation. Soils of micro- 
depressions between hummocks are Boggy Peaty Gleyzems (Turbi-Fibrihistic 
Cryosols [Gleyic]) with an H horizon up to 50 cm thick, underlain by permafrost. 



Example 2.8.1. Pit No. 116 (Tonkonogov, 1979). Arctic hummocky tundra with a sedge- 
dwarf shmb-moss vegetation, on the Yamal Peninsula. 



O, 0 to 3 cm. Dark brown-gray Saprihistic horizon; the upper 1 cm is peaty; an average 
thickness is up to 10 cm. 

ABh, 3 to 5 cm. Brown loam: impregnated with an illuvial humus; contains humus formed 
in situ as a result of root decomposition; subangular blocky; loose; non-gleyed. 

Bg, 5 to 7 cm. Ochric loam; a bright stripe at the contact with the lower gleyed horizon; 
weakly compacted; weakly stmctured in small angular blocks. 

Br, 7 to 35 cm. Bluish coarsely textured loam; thixotropic; contains soft Fe-Mn concentra- 
tions. 

Cri, > 35cm. Frozen dark bluish coarsely textured loam; a considerable content of ice; the 
maximum depth of thawing is 50 to 60 cm. 



Example 2.8.2. Tundra peaty Gleyzem fi'om pit No. 101 (Vasilievskaya at al., 1986). For- 
est-tundra zone in an area of circle-hummocky dwarf shrub-lichen tundra, on the Yamal 
Peninsula. 



O, 0 to 14 cm. Brown fibrihistic horizon; its thickness varies from 8 to 20 cm. 

Bgl, 14 to 19 cm. Heterogeneous in color; bluish and ochric mottles on the brown back- 
ground; loamy; loose; weakly structured in small subangular blocks. 

Bg2, 19 to 33 cm. Heterogeneous in color; ochric and brown mottles and lenses and an illu- 
vial humus on the bluish background; loamy; thixotropic; a bright ochric stripe along 
the lower boundary. 

Br, 33 to 56 cm. The same color; loamy; thixotropic; wet; contains soft Fe-Mn concentra- 
tions. 

BCrl, 56 to 71 cm. The same color; loamy; compact; not thixotropic. 

BCr2, 71 to 94 cm. Homogenous brownish olive color; loamy; less compact. 

2Cg, 94 to 100 cm. A sharp change to a sandy texture; bluish brown with rusty lenses; soft 
Fe-Mn concentrations; frozen from 100 cm. 
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Table 2.8.3. Some basic chemical properties of Turbi-Saprihistic (Stagnic) and Turbi- 
Fibrihistic (Stagnic) Cryosols. 



Horizon 


pH 


Exchangeable cations, 


Base 


Humus 


Particle size. 


depth, cm 


H^O 


meq/lOOg soil 


satura- 


% 


mm; 












tion, % 




fractions, % 






Ca^^ 




H" 






<0.01 


<0.001 


Turbi-Saprihistic Cryosol (Stagnic), pit No.l 16 (Tonkonogov, 


1979). 






0, 0-3 


4.5 


7.2 


6.2 


15.6 


46 


n.d. 


n.d. 


n.d. 


ABh, 3-5 


4.6 


1.8 


3.00 


6.1 


44 


7.0 


34 


19 


Bg, 5-7 


4.5 


1.7 


2.7 


3.9 


53 


5.7 


30 


17 


Brl,7-10 


5.0 


3.2 


4.5 


2.2 


78 


5,6 


30 


16 


Br2, 10-25 


4.6 


1.0 


2.8 


4.6 


51 


5.6 


27 


15 


Br3, 25-35 


4.2 


1.5 


2.3 


4.1 


48 


6.5 


28 


16 


Cri, 35-45 


4.4 


2.0 


3.0 


4.2 


54 


7.2 


28 


19 


Turbi-Fibrihistic Cryosol (Stagnic), pit No. 101 (Vasilievskaya et al, 1986). 


0, 0-14 


4.9 


3.2 


0.9 


76.0 


5 


28.7 


n.d. 


n.d. 


Bgl, 14-19 


5.0 


2.0 


0.9 


17.3 


14 


3,1 


29 


17 


Bg2, 19-33 


4.9 


2.1 


0.4 


17.3 


13 


2.5 


28 


17 


Br, 33-56 


5.0 


1.5 


0.5 


5.9 


26 


2.1 


27 


17 


BCr 1,56-71 


5.6 


1.3 


0.8 


2.0 


50 


2.0 


29 


18 


BCr2, 71-94 


6.2 


2.0 


1.4 


0.8 


81 


2.5 


27 


15 


2Cg, 94-100 


6.4 


0.5 


0.3 


0.3 


77 


0.1 


4 


2 



Table 2.8.4. Total elemental analysis of Turbi-Saprihistic (Stagnic) and Turbi-Fibrihistic 
(Stagnic) Cryosols. 



Horizon, 
depth, cm 


Wt loss 
on igni- 
tion (%) 


Si02 


AI2O3 


Fc 203 Total 
non silicate 


CaO 


MgO 


K2O 


NaiO 


Turbi- Saprihistic Cryosol (Stannic), pit No. 116 (Tonkonogov, 1979). 


ABh, 3-5 


11.50 


76.06 


14.29 


3.56 


n.d. 


2.26 


1.00 


2.13 


1.65 


Bg, 5-7 


8.31 


77.38 


13.30 


4.20 


n.d. 


1.34 


0.84 


2.15 


1.86 


Brl, 7-10 


6.97 


78.78 


12.85 


2.63 


n.d. 


1.32 


0.95 


2.18 


1.91 


Br2 25-35 


7.86 


78.82 


12.45 


3.23 


n.d. 


1.33 


0.89 


2.18 


1.97 


Cri, 35-45 


8.81 


78.33 


12.60 


2.88 


n.d. 


1.52 


1.09 


2.16 


1.95 


Turbi-Fibrihistic Cryosol (Stagnic), pit No. 101 ( Vasilevskaya et al, 1986). 








0, 0-14 


28.73 


77.05 


15.31 


3.51 


1.85 


1.15 


0.99 


2.34 


n.d. 


Bgl, 14-19 


6.42 


76.51 


15.84 


3.44 


1.77 


0.62 


0.74 


1.51 


n.d. 


Bg2, 19-33 


2.55 


76.34 


16.35 


3.05 


2.05 


0.82 


0.53 


1.48 


n.d. 


Br, 33-56 


1.95 


75.81 


16.39 


3.76 


1.93 


0.68 


0.85 


1.23 


n.d. 


BCrl, 56-71 


1.35 


75.94 


16.48 


3.49 


1.61 


1.47 


0.71 


1.47 


n.d. 


BCr2, 71-94 


0.84 


77.93 


15.22 


3.51 


1.07 


0.92 


0.45 


1.34 


n.d. 


2Cg, 94-100 


0.35 


87.31 


5.83 


3.18 


n.d. 


1.52 


0.51 


1.59 


n.d. 
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4.4. Taiga Gleyzems (Endogleyi-Histic Cryosols) 

This group resembles the Tundra Peaty Gleyzems. It differs in its thinner histic 
horizon (<10 to 5 cm), more decomposed organic matter (saprihistic or mollic), an 
appearance of distinct stagnic features from a depth of over 50 cm, an alternating 
oxidation-reduction regime within the upper 50 cm, occasional turbic features, 
and the presence of permafrost from about 1 00 cm. These soils occur only in taiga 
over elevated drained topographic elements consisting of loamy and clayey depos- 
its. 

The subdivision within this group reflects the presence or absence of the albic 
horizon: Taiga Peaty-Mucky Gleyzems (Endogleyi- Saprihistic Cryosols) and 
Taiga Differentiated and Podzolised Gleyzems (Endogleyi-Histic Cryosols [Al- 
bic]). Soils with similar diagnostic features and horizons, but with permafrost at 1 
to 2 m and deeper or just with a seasonal frost, occur in forest-tundra and espe- 
cially in taiga. In accordance with the WRB taxonomic system (ISSS Working 
Group RB, 1998), such soils should be classified as Histic Gleysols (including 
Albic and Gelic subgroups). 



4.5. Tundra and Taiga Differentiated and Podzolized Gleyzems 
(Endogleyi-Histic Cryosols [Albic]) 

These soils occur only in conditions of a long (more than three-month) warm sea- 
son and at a considerable depth of thawing. Hence, they appear from the shrubby 
tundra to taiga up to 60^ N latitude. (See Example 2.8.3.) 

A weakly acid pH of the whole profile, few exchangeable cations, and an in- 
significant saturation of the exchange complex (Table 2.8.5) characterize this soil. 
The organic profile includes the fibrihistic horizon (the loss on ignition exceeds 
70%) and labile humus, which is impregnated into the Eg and Bgs horizons (to a 
depth of 35 cm) in concentrations from 1 to 2%. All humus is fulvate; the Cha/Cfa 
values in the O horizon, at 50 to 60 cm, and over the permafrost, are 0.5, 0.3, and 
0 . 1 , respectively. 

The clay content is nearly the same (3%) in the eluvial and illuvial horizons, 
and its increase above the permafrost layer is insignificant (Table 2.8.5). Bulk 
concentrations of sesquioxides in the Eg and Bgs horizons are similar (Table 
2.8.6). At the bottom of the active layer, the eluvial gley removal of Fe 203 and 
sometimes of AI 2 O 3 occurs. The bulk composition of clay and the oxalate-soluble 
forms better show the R 2 O 3 redistribution within the upper part of the profile. 
Bleaching of the albic horizon implies the removal of iron films from coarse parti- 
cles, of iron hydroxides from thin fractions, and of Al-humus compounds. The 
eluviation of Si 02 , R2O3, and humus from the whole profile accompanies these 
eluvial gley processes. 
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Example 2.8.3. Profile No. 9, (Karavaeva, 1982). Under taiga forest of fir and Siberian ce- 
dar with a ground cover of mountain cranberry, grass, and mosses, on the right side of the 
Ob River near the Vakh River mouth, close to the southern limit of distribution of these 
soils. 



O, 0 to 1 1 cm. Dark brown; peaty (fibrihistic). 

Eg, 1 1 to 16 cm. Whitish light brown with small rusty spots; loam; subangular blocky; 
loose. 

Bgs, 16 to 35 cm. Bright rusty brown with bluish spots; loam; subangular blocky. 

B, 35 to 58 cm. Brown; loam with a cryogenic stratification. 

Bg, 58 to 81 cm. Bluish brown; loam; a bluish color between cryogenic microlayers. 

BCg, 81 to 92 cm. Loam with a bright rusty color of microlayers; seasonally frozen. 

Cgi, 92 to 240 cm. Rusty and bluish spots; loam; horizontal layers with an angular blocky 
structure; thick iron oxide films with diffuse boundaries and whitish skeletans between 
the layers; permafrost is represented by very fine crystals of ice. 



Table 2.8.5. Some basic chemical properties of Endogleyi-Histic (Albic) and Ochri-Turbic 
(Stagnic) Cryosols. 



Horizon, 
depth cm 


pH 

(H2O) 


Exchangeable cations 
(meq./lOOg) 


Base 

satu 

ra- 

tion 


Hu- 

mus, 


Particle size, 
mm. Fractions 


AI2O3 FeiOa 
Oxalate- 
extractable, 






Ca^^ 


Mg?: 


H" 


% 


% 


<0.01. 


<0.001 


% % 


Endogleyi-Histic Cryosol (Albic), 


pit No. 9 ( Karavaeva, 1982 ). 










0, 0-11 


4.5 


16.5 


3.0 


18.4 


52 


73.2* 


n.d. 






Eg, 11-16 


4.8 


4.2 


2.1 


12.3 


34 


2.5 


37 


19 


0.50 0.72 


Bgs, 16-35 


5.0 


5.1 


2.4 


9.0 


46 


1.0 


39 


22 


0.69 0.91 


B, 35-58 


5.0 


4.0 


1.8 


8.0 


42 


0.6 


35 


21 


0.37 0.37 


Bg, 58-81 


4.8 


3.3 


1.2 


7.4 


38 


0.5 


32 


20 


0.53 0.64 


BCg, 81-92 


4.9 


4.8 


1.5 


6.7 


49 


0.4 


36 


23 


0.53 0.92 


Cgi, 92-102 


5.2 


7.6 


1.7 


4.8 


66 


0.2 


30 


19 


0.37 0.37 


Ochri-Turbic 


Cryosol (Stagnic), pit No. 17 on mud circle (Vasilievskaya 


atal, 1986). 






Au, 0-0.5 


4.3 


2.5 


1.0 


84 


4 


18.2 


* 


n.d. 


n.d. 


Bl, 0.5-10 


4.5 


0.8 


0.4 


13.8 


8 


1.0 


33 


18 


n.d 


Big, 10-30 


4.5 


0.6 


0.4 


19.0 


6 


0.3 


32 


18 


n.d. 


B2g, 30-55 


4.9 


1.1 


0.2 


11.7 


10 


0.2 


33 


21 


n.d. 


B3g, 55-85 


5.0 


1.5 


1.7 


8.2 


28 


0.05 


36 


21 


n.d. 


BCgi, 85-100 


5.9 


3.2 


1.6 


1.6 


75 


0.0 


34 


20 


n.d. 



*Loss on ignition, %. 
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Table 2.8.6. Total elemental analysis of Endogleyi-Histic (Albic) and Ochri-Turbic (Stag- 
nic) Cryosols. 

Horizon, Wt Loss on SiOi AI 2 O 3 FeiOa CaO MgO 
depth, cm Ignition 

(%) 



Endogleyi-Histic Cryosol (Albic), pit No. 9 ( Karavaeva, 1982). 



Eg, 11-16 


8.54 


76.55 


13.30 


4.26 


1.93 


0.71 


Bgs, 16-35 


6.83 


75.82 


13.56 


4.69 


2.00 


0.80 


B, 35-58 


6.05 


75.39 


13.75 


4.60 


2.09 


0.73 


Bg, 58-81 


5.43 


75.64 


13.00 


4.43 


1.96 


0.87 


BCg, 81-92 


6.18 


74.11 


13.57 


5.74 


1.82 


1.22 


Cgi, 92-102 


4.96 


75.94 


12.58 


3.73 


1.96 


0.94 


Ochri-Turbic Cryosol (Stagnic), pit No. 


17 on mud circle (Vasilievskaya 


et al, 1986). 


Au, 0-0.5 


18.18 


78.34 


14.63 


4.61 


1.49 


0.29 


BlO.5-10 


2.14 


79.41 


14.01 


3.34 


1.24 


0.19 


Big, 10-30 


2.31 


79.12 


14.80 


3.51 


0.91 


0.12 


B2g, 30-55 


3.08 


78.39 


14.52 


3.14 


0.82 


0.71 


B3g, 55-85 


3.11 


78.04 


15.31 


3.18 


0.99 


0.81 


BCgi, 85-100 


1.94 


78.09 


15.84 


4.21 


0.56 


0.88 



Endogleyi-Histic Cryosols Albic can have a surface pattern of irregular circles 
(Vasilievskaya et al, 1986). Thawing within circles is from 15 to 20 cm deeper, 
so soils there can be classified as Ochri-Turbic Cryosols (Stagnic) as well as 
Ochri-Turbic Gleysols (Cryic). They have a surface crust (Au horizon) of up to 
0.5 cm thick but no O or Eg horizon (Tables 2.8.5 and 2.8.6). The Bg horizon, 
found under the crust, is oxidized more strongly and contains more Fe-Mn con- 
centrations than the same horizon under vegetation. This can result from an ir- 
regular oxidation and sharp changes in redox conditions. 

Compared to soils developed under vegetation, soils of circles have a more 
acidic pH within the upper 30 cm, a lower base saturation of the exchange com- 
plex, and lower contents of the illuvial humus and of bulk R 2 O 3 (especially non- 
silicate Fe 203 ) and RO in a whole profile. Their surface crust and the upper 10 cm 
of the Bg horizon replace the eluvial part of the profile (i.e.. Eg horizon), which 
was destroyed during the circle’s formation. 



4.6. Boggy Peaty Gleyzems (Turbi-Fibrihistic Cryosols [Gleyic]) 

An histic horizon of up to 50 cm, gleyed mineral horizons, and permafrost from a 
depth of 50 to 100 cm characterize these soils. They occur all over western Sibe- 
ria, within depressions and poorly drained, level areas. They are subdivided by the 
thickness of the histic horizon (<30 cm and 30 to 50 cm) and by the peat quality 
into Eutrophic, Mesotrophic, and Oligotrophic. Similar properties (except that 
permafrost is absent or formed at a greater depth) and lithological- 
geomorphological conditions of soil formation are typical for Histic Gleysols 
(ISSS Working Group RB, 1998). 
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4.7. Tundra Podburs Gleyed (Endogleyi-Turbic Cryosols [Spodic]) 

The main characteristics of this group are a 5 -cm thick O horizon, a shallow (from 
2 to 7 cm) mottled albi-spodic horizon, the spodic horizon of about 5 cm (rarely 
up to 30 cm) thick with turbic features and often with buried peat fragments, a 
mottled gleyed horizon usually at a depth of more than 50 cm, and permafrost at 
70 to 100 cm. 

These soils formed under tundra vegetation on well drained sands, loamy 
sands, and stony loamy parent material deposits on plains and within small de- 
pressions. Strongly and weakly developed humus-illuvial processes distinguish 
Dark from Light Podburs. In forest-tundra and taiga, Haplic and Gleyic Podzols, 
which develop on the same parent deposits, replace them. Their surface pattern is 
usually hummocky-tussocky; mud circles appear only in the northern tundra. En- 
dogleyi-Turbic Cryosols (Spodic) are confined to hummocks; their neighbors on 
lower elements of microrelief are Turbi-Fibrihistic Cryosols (Stagnic), described 
previously. Example 2.8.4 gives a profile description of an Endogleyi-Turbic 
Cryosol (Spodic). 

Usually, turbic features such as distorted horizon boundaries and buried frag- 
ments of organic matter occur at a depth from 20 to 40 cm. These soils have an 
acid pH all over the profile (Table 2.8.7) and an eluvial-illuvial type of humus dis- 
tribution (i.e., the minimum humus content [1.2%] in the EBh horizon and the 
maximum [5.3%] in the Bhsl horizon); labile humus penetrates to a depth of 50 
cm. They also show a distinct eluvial-illuvial distribution of bulk R 2 O 3 , especially 
Fc 203 (Table 2.8.8). 

Features of humus illuviation are better developed in the Arctic tundra than in 
areas to the south of it (Tonkonogov, 1979). The action of ground water above a 
shallow permafrost and the presence of buried organic fragments in the Bhsl ho- 
rizon, which are hardly distinguishable because of an intensive background color, 
explain this. In the forest-tundra and the northern part of the taiga zone. Podzols, 
often gleyic replace these soils. 



Example 2.8.4. From pit No. 1 17 of (Tonkonogov, 1979), under hummocky, dwarf shrub- 
moss-lichen tundra vegetation, on the Yamal Peninsula. 



O, 0 to 3 cm. Saprihistic, almost black, with an admixture of bleached sandy grains. 

EBh, 3 to 10 cm. Brown-light gray sand forming lenses of 2 to 3 cm thick, without gleyic 
mottles. 

Bhsl, 10 to 40 cm. Brown sand colored by illuvial humus, without gleyic mottles. 

Bhs2, 40 to 50 cm. Ochric-light brown sand; the color intensity decreases with depth. 
BCg, 50 to 75 cm. Yellow-brown sand with rusty and blue gleyic mottles. 

Cgi, >75 cm. Bluish sand with rusty mottles; frozen, with a low ice content. 
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Table 2.8.7. Some basic chemical properties of Endogleyi-Turbic Cryosols (Spodic) and 
Histi-Gleyic Podzols (Placic). 


Horizon 


pH 


Exchangeable cations, 


Base 


Humus, 


Particle size. 


depth, cm 


H 2 O 


meq./ 100 g soil 


satura- 


% 


mm; fractions. 












tion,% 






%. 








Mg'* 








<0.01 


<0.001 


Endogleyi-Turbic Cryosol (Spodic), pit No. 117 ( Tonkonogov, 1979). 






0, 0-3 


4.6 


14.6 


1.3 


1.0 


86 


n.d. 


n.d. 


n.d. 


EBh, 3-10 


5.2 


0.9 


<0.1 


<0.1 


n.d. 


1.2 


4 


3 


Bhsl, 10-40 


4.6 


6.5 


<0.1 


<0.1 


n.d. 


5.3 


10 


8 


Bhs2, 40-50 


4.8 


2.7 


<0.1 


<0.1 


n.d. 


1.4 


6 


4 


BCg, 50-75 


5.3 


0.6 


<0.1 


<0.1 


n.d. 


0.5 


1 


1 


Histi-Gleyic Podzol (Placic and Entic), pit No. T-1 (Vasilievskaya et al, 1986). 




01,0-4 


3.6 


14.0 


2.6 


2.3 


12 


91.6* 


n.d. 


n.d. 


02, 4-5 


3.9 


5.2 


0.8 


1.0 


15 


26.0* 


n.d. 


n.d. 


E,5-7 


3.6 


0.4 


2.2 


0.7 


21 


4.4 


17 


4 


Bl,7-15 


4.1 


0.2 


1.1 


0.4 


22 


1.3 


23 


10 


B2, 15-23 


4.2 


0.1 


0.5 


<0.1 


11 


1.2 


24 


11 


Bg, 23-35 


4.4 


0.1 


0.5 


<0.1 


8 


0.9 


21 


10 


2BCg, 35-56 


5.3 


0.1 


0.4 


<0.1 


7 


0.4 


4 


3 


2Cms, 56-92 


5.5 


0.1 


<0.1 


<0.1 


10 


0.3 


2 


2 



*Loss on ignition, %. 



Table 2.8.8. Total elemental analysis of Endogleyi-Turbic Cryosols (Spodic) and Histi- 
Gleyic Podzols (Placic). 



Horizon, 


Loss on 


Si 02 


AI 2 O 3 


Fe 203 


CaO 


MgO 


depth, cm 


ignition, 

% 












Endogleyi-Turbic Cryosol (Spodic), pit No. 1 17 ( Tonkonogov, 1979). 
Ebh,3-10 1.60 92.69 3.80 0.62 


1.25 


0.30 


Bhsl , 10-40 


8.01 


89.18 


5.21 


2.40 


0.98 


0.35 


BCg, 50-75 


1.18 


90.53 


5.57 


0.96 


0.90 


0.22 


Histi-Gleyic Podzol (Placic and Entic), pit No.T-1 (Vasilievskaya et al, 1986). 
E,5-7 7.41 87.33 6.29 1.41 0.82 


0.63 


Bl,7-15 


6.10 


80.73 


10.04 


3.34 


1.69 


0.62 


B2, 15-23 


5.58 


81.40 


9.89 


3.00 


1.01 


1.40 


Bgm, 23-35 


5.03 


88.64 


4.10 


3.10 


1.05 


0.58 


2BCg, 35-56 


3.08 


91.34 


3.96 


0.90 


0.92 


0.83 


2Cms, 56-92 


3.00 


93.78 


3.19 


0.45 


0.57 


0.81 



4.8. Podzols 

These soils are vv^idespread in forest tundra and taiga on well drained sands and 
loamy sands. Permafrost occurs at a depth of 150 to 250 cm in forest tundra and is 
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absent in taiga. According to the WRB (1988), these are Haplic Podzols (some- 
times Gelic or Entic). Following the Russian soil classification, we distinguish 
iron-illuvial and humus-illuvial (poor or rich by illuviated organic carbon) Pod- 
zols. 



4.9. Peaty Gleyed Podzols (Histi-Gleyic Podzols [Gelic and Densic]) 

These soils occur within the same area as those of the preceding group but in sites 
with the groundwater table at a depth of 1 to 2.5 m on flat watersheds, middle and 
lower parts of slopes, and shallow depressions. There is no permafrost, so these 
are seasonally frozen or non-permafrost soils. 

Significant variations in the thickness and character of diagnostic (albic and 
spodic) horizons depend on the ground water regime and its chemical composi- 
tion. The albic (E) horizon has a thickness from several to tens of centimeters (up 
to 50 cm) and usually is gleyed. The spodic (B1 and B2) horizon is from black to 
red in color and has a varying degree of cementation (up to Placic and Densic). 
The fibrihistic horizon is from 10 to more than 20 cm thick (pit No.T-1, Tables 
2.8.7 and 2.8.8). 

4.10. Organogenic (Boggy) soils (Cryic Histosols) 

Bog soils cover up to 50% of the total area of western Siberia, especially in the 
north. Their profile consists of one or two diagnostic horizons. The first, and often 
the only, one is organogenic (formed of layers differentiated by the peat quality), 
and the second is a gleyic mineral one. The depth of permafrost depends on the 
geographic location and on specific site conditions. 

The classification of bog soils reflects (1) the degree of organic matter decom- 
position, (2) the thickness of the peat layer, (3) the peat quality that is different in 
upland, transitory, and lowland bogs, (4) the type of microrelief, which deter- 
mines parameters of the soil cover pattern. These criteria depend on the genesis 
and age of bogs and modem conditions that may favor the accumulation of peat or 
the adverse process of peat mineralization and degradation. 

In the northern part of western Siberia, four types of bogs with specific soils 
and ground patterns occur: (1) low-center polygon bogs, (2) peat plateau bogs, (3) 
paisa bogs, and (4) leveled bogs. The first three types are most common. 

4. 10. 1. Soils of low-center polygon bogs 

These bogs spread mostly in the northern half of the tundra zone. To the south, 
their areas become smaller, but they do occur up to the northern forest-tundra. 

The polygonal pattern forms due to the cryogenic cracking of moist ground, 
followed by bulging along the cracks filled by wedge ice (Figure 2.8.2). The peat 
formation on these bogs is slow because of a heat deficiency. 
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Figure 2.8.2. Low-center polygon bog and its soil association in dwarf shrub-lichen-moss 
tundra. I. cross-section, II. view from above. 1. low-center polygon, 2. trough, 3. shoulder, 

4. low center, 5. peat in crack, 6. ice-wedge, 7. permafrost table. Soils: 8. Turbi-Saprihistic 
Cryosol (Stagnic), 9. Fibrihisti-Gleyic Cryosol, 10. Glaci-Histic Cryosol. 

In western Siberia, polygons are typically 10 to 20 m in perimeter, and their pe- 
riphery of 0.4 to 0.5 m in width heaves up to 0.3 to 0.7 m above the center of the 
polygon. The height of the shoulder corresponds to the depth of the trough 
(crack); the width of trough depends on the intensity of the thermokarst and on 
erosion. 

Soil complexes that developed on such bogs include three components. 
Cryosols (Saprihisti-Gleyic) are confined to shoulder segments of the patterned 
ground and are underlain by permafrost at about 50 cm. Fibrihisti-Gleyic En- 
dostagnic Oxiaquic Cryosols form within low centers of polygons with permafrost 
at 50 to 70 cm and a 30-cm layer of Dystric-Euthric peat and a constantly gleyed 
horizon. Fibrihisti-Glacic Cryosols in cryogenic cracks have a peat layer <20 cm 
thick, underlain by ground (ice wedge) ice. 

4. 10.2. Soils of peat plateau bogs 

The area of peat plateau bogs lies between the shrub-lichen-moss tundra and the 
north of the taiga. The genesis of the peat plateau begins with the cryogenic po- 
lygonal cracking of a peat bog with an initially flat surface. Then, cracks grow in 
depth and width, due to thermokarst and erosion. The depth of thawing within 
cracks increases. In the taiga and forest-tundra, the ice wedges (permafrost in 
cracks) disappear completely. The heat regime within polygonal-hillocks, which 
are from 0.5 to several meters in height, is worse. Soil freezing begins earlier and 
goes deeper and is accompanied by moisture’s accumulating under the polygon 
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which causes heaving; permafrost rises to a depth of 50 to 70 cm below the soil 
surface. 

The development of such patterns on bogs apparently began with cooling after 
the climatic optimum in the Holocene (peat contains the remains of plants that 
now have moved to the south). Bogs affected by cracking differ by age and peat 
quality and thickness. We thus now can observe thick (1.5 to 2.5 m) as well as 
thin layers of peat (corresponding soils are classified as Histic and Histi-Gleyic 
Cryosols) formed in upland (Dystric) as well as lowland bogs (Euthric). 

The modem accumulation of peat occurs within depressions and on low peat 
plateaus. Vegetation that does not form peat occupies high peat plateaus, and they 
have disturbance features on the surface and a layer of mineralized peat from 5 to 
15 cm thick. In general, the surface pattern of a peat plateau bog causes the devel- 
opment of a two-component soil complex: Fibrihisti-Gleyic Dystric Cryosol or 
Foli-Fibrihisti-Gleyic Cryosol on the plateaus and Histic Dystri-Eutric Cryosol 
(with a more thick histic horizon and a deeper or no longer extant permafrost) be- 
tween them. 

4. 10.3. Soils of paisa bogs 

These bogs spread mostly in forest tundra and in the northern part of the taiga, but 
their small areas can occur up to the Arctic tundra. Given the genesis of paisas, 
the age of these geomorphological elements differs from the age of the peat that 
constitutes them; paisa formation hinders and then stops the accumulation of peat 
(Figure 2.8.3). While peat formed throughout the Holocene, paisas developed dur- 
ing the Post- Atlantic cooling period leading up to the present (although some ap- 
peared during the Boreal Period, i.e., 8000 years ago). 

A paisa thus can be 1) relic by composition and morphology, 2) relic by com- 
position but morphologically modem, or 3) modem by both characteristics (the 
terms relic and modern are assigned to features formed before and after the Holo- 
cene optimum, respectively). Taking into account the active physical destmction 
of paisas, we can suppose that geomorphologically modem paisas also prevail. 

As the active-layer depth decreases, the dimensions of paisas decrease. From 
forest-tundra to the north, their height decreases from 10 to 15 to 5 to 6 m; their 
diameter decreases from 15 to 20 to 0.7 to 1.0 m (Ivanova, 1962). 

The soil complex of paisa bogs is formed by Foli-Histic Cryosols (on paisa) 
and Fibrihistic Dystric Cryosols (in depressions), with a spatial dominance of the 
latter. The depth to permafrost within a paisa is shallower than within depressions 
and lies at about 30 cm in the Arctic tundra and deeper than 2 m (or is absent) in 
forest tundra and taiga. 

Some hydrolaccoliths (pingo) consist of mineral material. Their soils resemble 
those in areas of hummocky and mud circle tundra. However, pingo soils are bet- 
ter drained and, therefore, contain more acidic pH and show a stronger develop- 
ment of such processes as the oxidation of mineral horizons, organic matter de- 
composition, leaching, and the vertical differentiation of the profile by the content 
of clay (<0.001 mm) and by bulk concentrations of some components (Va- 
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silievskaya, 1986). Podzols probably can form on sandy pingos in forest tundra 
and in taiga. 

4. 10.4. Alluvial Permafrost Soils (Fluvi-Gleyic Cryosols) 

Diagnostic features of these soils include stratified parent deposits, an histic or 
mollic horizon of 10 to 20 cm, gleyic features in all mineral horizons, and perma- 
frost not deeper than 1 m. These soils formed within floodplains and on the sea- 
coast in the north of the tundra. Farther to the south, permafrost in such soils can 
occur at more than 1 m (Gelic Fluvisols) or just disappears. 

Two specific groups of soils occur only in complexes of cryogenic pattern 
ground and do not form individual areas — Ochri-Gleyic Cryosols (Turbic and 
Oxiaquic) on circles and Glaci-Histic Cryosols within cryogenic cracks. The for- 
mation of soil complexes in connection with cryogenic processes is typical for 
tundra, forest tundra, and taiga areas with a continental climate. In western Sibe- 
ria, soil complexes develop almost everywhere in tundra and forest tundra, over 
elevated topographic elements and bogs in the north of the taiga, and only within 
bogs (where they have a biogenic but not a cryogenic genesis) in the southern part 
of the taiga. 




i 





'h 



Figure 2.8.3. Paisa bog and its soil association in dwarf shrub-lichen-moss tundra. Lithol- 
ogy: 1. turf, 2. sand with pebbles, 3. layered loam, 4. clay, 5. segregations of ice, 6. ice lay- 
ers and lenses, 7. permafrost table. Soils: 8. Foli-Cryic Histosol (Turbic), 9. Fibri-Dystric 
Histosol. 
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5. Summary 

In the northern part of western Siberia, features of soils and of the soil cover are 
very special. Some of them are typical for western maritime and moderately con- 
tinental regions, and others are typical for continental Siberian regions. This is 
mainly because of the transitional character of the climate and also the specific 
lithological and geomorphological conditions (level topography, stratified and 
saturated unconsolidated deposits, and generally poor soil drainage). 

The distinguishing features of the Cryosolic soils of western Siberia are 1) a 
relatively high degree of organic matter decomposition and a prevalent formation 
of saprihistic horizons; 2) partial aeration and oxidation of upper mineral hori- 
zons, and constant gleyzation and thixotropy within middle and lower portions of 
the profile; 3) translocation of accumulated substances on the permafrost table by 
a downward filtration of solutions and by a cryogenic migration toward the lower 
front of freezing; 4) the gleyic differentiation of soil profiles on loamy-clayey par- 
ent materials within the region from the southern tundra to the middle taiga; 5) the 
development of Al-Fe-humus podzolization in soils on sands and loamy sands 
even under Arctic tundra; and finally, 6) the considerable illuviation of humus 
within these soils. The first four features also occur in Cryosols of the eastern con- 
tinental regions of the Asian North; the last two features represent similarities to- 
Cryosols of the European North. 

In general, specific characteristics of western Siberian Cryosols are better ex- 
pressed in loamy and clayey textured materials rather than in sandy textured mate- 
rials since the latter are less sensitive to changes in the soil-forming conditions. 

The nature and distribution of soils (soil cover pattern) in western Siberia 
closely connects to the presence of periglacial patterned ground, which determines 
genetic differences between components of soil complexes. In tundra environ- 
ments, the relative height of elements of microrelief is insignificant, genetic dif- 
ferences are small between soils on hillocks and on spots (mud circles) because of 
like conditions of soil freezing, and circles form and disappear relatively easily. 
These particularities may relate to the generally low relief of the territory, high 
soil moisture content, and high humidity of air masses (especially on the Yamal 
and Gy dan Peninsulas surrounded by the Kara Sea). Yet in the southern (shrub) 
tundra, the hummocky circle pattern is quite distinct, and, therefore, genetic dif- 
ferences between soils of the microcomplex are better expressed. 

Soil cover patterns within extensive bog areas of western Siberia show a par- 
ticular diversity, which the presence of many types of bogs each with their own 
specific ground patterns at different stages of formation (from young to mature 
and degrading) express. Low-center polygon bogs are extensively developed in 
the tundra environment, and small areas of development also occur in the forest- 
tundra zone. South of the tundra, peat plateau bogs gradually replace low center 
polygon bogs; these peat bogs are widespread throughout forest-tundra up to the 
northern taiga and have the greatest variety of geomorphological and soil parame- 
ters. Paisa patterns occur mostly in forest-tundra and penetrate quite far to the 
south, into taiga, but singular paisas occur even in the Arctic tundra. 
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The relic features formed at earlier stages of the Holocene (especially during 
the climatic optimum) do not occur in mineral soils. Climatic fluctuations proba- 
bly were buffered due to poor drainage and an over-saturation of soils. Some relic 
features occur in bog areas. For instance, paisa patterns in the Arctic tundra and 
dwarf shrub-lichen-moss tundra appear to have formed under warmer conditions 
when soil thawing was deeper. Peat plateau bog patterns have survived most cold 
stages of the Holocene. Now they remain in the north of their area, where the per- 
mafrost table is shallow, but peat plateau bogs are subject to active destruction in 
the southern portion of the region, due to erosion and the development of thermo- 
karst. The patterns of low-center polygon bogs in forest-tundra also may be relict. 

From the north to the south, changes in properties of soils and of the soil cover 
are very gradual, even at the zonal boundaries. Lithological and geomorphological 
conditions and the generally low relief and poor soil drainage of western Siberia 
cause this. 
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1. Introduction 

Southern Siberia and the far eastern parts of Russia run west to east, from 49 to 55 
(60)® N latitudes and 84 to 140® E longitude and to the extent of approximately 
5000 km, from western Siberia to the Pacific coast, along the Russian-Mongolian 
and Russian-Chinese borders. This region includes the vast southern Siberian 
mountain systems of the Altay, the West and East Sayans, Tuva, the Baikal re- 
gions, and the part of the Russian far east called “Priamurye” (Figure 2.9.1). 



1.1. Climate 

In winter, the Asian anticyclone, which causes intensive cooling of the land sur- 
face, influences the climate of southern Siberia; in summer, the Atlantic and Arc- 
tic air masses do. The climate is mostly strongly continental, with very low mean 
winter temperatures (-21° to -32°), a relatively warm but short summer, and low 
humidity, as annual evaporation exceeds precipitation. The most severe extra- 
continental climatic conditions are characteristic of the eastern and southern parts 
of the Altay-Sayans mountain system. Priamurye has a monsoon climate with con- 
tinental features and with a cold, dry winter and humid, cool summer (Gerasi- 
mova, 1973). 
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1.2. Topography and vegetation 

Regional and local climatic variability depends on the topography, which pre- 
dominantly formed under Quaternary tectonic uplifts and glaciation. The main 
feature is the combination of sharp rugged ridges, ancient surfaces of denudation, 
and intermontane kettle depressions. The main vegetative altitude belts are moun- 
tain steppes, taiga, alpine meadows, and tundra, with bogs widespread on flat sur- 
faces (Mikhailov, 1961). 



1 .3. Permafrost 

Shallow snow cover and a short warm period promote the conservation of perma- 
frost within soil profiles in southern Siberia and Priamurye. The permafrost has a 
discontinuous or sporadic expansion in these areas, except for the northern part of 
Priamurye, where it is continuous (Kudryavtsev, 1978; Romanovskyi, 1993). The 
thickness of frozen grounds varies from dozens of meters in the western parts of 
southern Siberia to 100 to 300 meters in the extra-continental eastern and southern 
parts of the Altay-Sayans and in northern Priamurye. The depth of the active layer 
ranges from 30 to 50 cm to several meters, depending on climatic conditions. In 
all of these regions, the permafrost-affected soils occur predominantly on high 
elevations, on the northern slopes and in the bogged depressions. 



1.4. Soil studies 

Cryosols of some regions of southern Siberia and far eastern Russia have not been 
studied in detail before now. The widest soil investigations were carried out in 
1950 through 1970, when general regularities of soil cover were established and 
main properties of soils were examined. 



2. The Altay 

The Altay is the western and highest mountain system of southern Siberia. The ab- 
solute altitudes of alpine ridges, mainly situated in the central and eastern Altay, 
are more than 3000 to 4000 m, with the highest top, Beluha, at 4506 m. The main 
ridges consist of Paleozoic sedimentary and volcanic rocks (schist, sandstone, 
aleurolite, crystalline limestone, quartz rocks, effusive rocks), partly intruded into 
by granites. Deluvial, proluvial, alluvial, and glacial deposits fill the depressions 
(Devyatkin, 1965). 

The climate of the permafrost-affected areas of the central and southeastern Al- 
tay is strongly continental. In the “anticyclone” provinces of the Altay, the mean 
annual temperatures (""C) are -l.D, -4.2'', and -8.5" at 800, 1200, and 2200 m above 
sea level, respectively. Mean winter temperatures vary with the altitude gradient 
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from -19'' to -32", to -60" in the southeastern Altay. Summer means are from 16" to 
8", rising to 31" in depressions. Usually the winter climatic conditions in intermon- 
tane depressions are essentially more severe at higher elevations, due to tempera- 
ture inversions. 

The annual precipitation is 345 to 509 mm in the central Altay and 1 10 to 300 
mm in the southeastern areas, with the lowest precipitation in winter, 35 to 100 
mm and 20 to 60 mm, respectively. Snow cover thickness is low and varies from 
20 to 30 cm in the central Altay to 10 to 12 cm in the southeastern Altay. 

The three main vertical vegetation belts follow the increasing altitudes: steppes 
(to 300 to 600 m); coniferous forests, consisting of fir {Abies sibirica), cedar pine 
{Firms sibirica), and larch {Larix sibirica) (300 to 500, to 1700 to 2000 m); and 
alpine meadows, tundra, and bogs (1700 to 2000, to 2600 to 3000m). In addition, 
the specific steppe vegetation of high kettle depressions is widespread. Within 
southeastern Altay, which is the highest, coldest, and driest part of the Altay, the 
forest belt is fragmentary or absent, and tundra borders on the dry or meadow 
steppes (Kuminova, 1960). Figure 2.9.2 shows the distribution of soil according to 
macro topography within different parts of the Altay. 

Permafrost has mostly discontinuous distribution, occupying 75 to 90% of the 
total area of the central and southeastern Altay. The annual temperatures of frozen 
ground are from +0.5" to -2"C (Romanovskyi, 1993). 




Figure 2.9.2. Distribution of soils depending on altitude and aspect in the Altay mountains. 
Soils: CR - Cryosol (gl - Gleyic, st - Stagnic, sd - Spodic, tu - Turbic); HS - Histosol (cy 
- Cryic, ge - Gelic); CM - Cambisol (ab - Albic, um - Umbric); GLhi - Histic Gleysol; 
PHle - Leptic Phaeozem; SCge - Gelic Solonchak; SNge - Gelic Solonetz; LP - Leptosol; 
LV - Luvisol; CH - Chernozem; KS - Kastanozem. 
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Permafrost-affected soils are distributed widely on high levels and, to a lesser 
extent, in extra-continental intermontane depressions. The list of these soils in- 
cludes Soils of cryogenic circles (Turbi-Lithic and Turbi-Leptic Cryosols), Tun- 
dra peaty gleyzems (Stagni-Fibrihistic Cryosols), Peaty bog gleyzems (Gleyi- 
Histic Cryosols and Cryic Histosols), Taiga peaty podzol gleyic soils (Stagni- 
Fibrihistic Cryosols [Spodic]), Solonchacks (Geli-Sodic Solonchaks [Sulphatic]), 
and Meadow Solonetzes (Geli-Salic Solonetzes) (Petrov, 1952; Kovalev, 1973). 

In the most arid and cold high mountains of the southeastern Altay, the soil 
cover of alpine tundra is sporadic, because of frequent rock outcrops and rock de- 
bris. In this area under the thin lichen or grass cover, the permafrost lies on the 
surface or at the depth of 20 to 30 cm. Cryogenic processes are intensive and have 
formed stone rings, stone polygons on the flat surfaces, and stone stripes and solif- 
luction steps on the slopes. The soil-cover complex consists of Soils of cryogenic 
circles and Mountainous primitive soils (Turbi-Leptic Cryosols). They have 
much in common with such soils of the eastern Sayans (see below). 



2.1. Tundra peaty gleyzems 

The most widespread cryogenic soils are Tundra peaty gleyzems. They occur in 
tundra belt at levels of 1700 to 2500 (3000) m, up to the nivation belt, and are 
dominant soils on the flat surfaces neighboring the permafrost- free Mountainous 
stony organogenic soils (Histic Leptosols) and Tundra soddy soils (Leptic 
Phaeozems). The largest areas of these soils occur on the main Altay mountain 
ridges and high plateaus. The parent materials are coarse sandy loamy unconsoli- 
dated deposits such as eluvium and eluvium-deluvium of schists, mudstones, and 
sandstones. 

Tundra peaty gleyzems occur under vegetation where peatmoss {Sphagnum 
compactum, S. Fuscum), different sedges (Carex), cotton grass {Erophorum an- 
gustifolium), and ground birch {Betula rotundifolid) are dominant. In the soil pro- 
file under the living mosses lies the fibrihistic layer, with a thickness of 25 to 30 
cm and more. A mineral gray rust colored, mottled stagnic horizon underlies it. 
Ice-rich permafrost lies at a depth of 70 to 90 cm, and suprapermafrost water 
forms in the warm season, resulting in the development of reduction processes in 
the soil profile. Table 2.9.1 shows the soil properties. The specific feature of Tun- 
dra peaty gleyzems is high base saturation, caused by water and biophile ele- 
ments’ being retained in the permafrost barrier and by calcium-saturated soil wa- 
ter’s neutralizing the acid organic products. Usually, the labile organic matter, in 
the form of chelates, migrates and accumulates directly above the frozen layer. 

Groundwater-induced, permafrost-affected Peaty bog gleyzems (Gleyi- 
Fibrihistic or Gleyi-Saprihistic Cryosols) occur in the tundra and taiga alpine belts, 
forming narrow and small patterns on the river terraces or depressions within high 
intermontane lowlands. In these areas. Peaty bog gleyzems often are deformed by 
frost jacking and include ice-cored peat hillocks. The peat layer is 30 to 40 cm 
thick and covers the black-blue-gray humous-gleyic horizon, usually loamy-sandy 
layered. The permafrost table lies at 50 to 100 cm deep and in some places under- 
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lies the peat layer. Soils are acid and unsaturated, and the migration of organic 
matter and iron is not pronounced (Kovalev, 1973; Nosin, 1963). 



2.2. Taiga peaty podzol gleyic soils 

Within the upper part of the taiga alpine belt, at altitudes of 2000 to 2400 m, the 
Taiga peaty podzol gleyic soils (Stagni-Fibrihistic Cryosols (Spodic) occur. They 
form long but narrow areas, mostly on the cold, gentle, north-oriented slopes, 
where the permafrost is 30 to 40 cm deep. These soils occur under cedar pine- 
larch and larch open woodlands with thick sphagnum-moss cover, on loamy eluvia 
and deluvia of hard crystalline rocks. 

The profile consists of these horizons: H (0 to 30 cm) - brown peat; E (30 to 35 
cm) - bleached light gray loamy-sand; Bhi (35 to 50 cm) - dark brown stony 
loam, with ice lenses; Bgi (50 to 65 cm) - brown, mottled, stony, with ice lenses. 
Ice-rich permafrost underlies the lowest horizon at 50 to 60 cm deep. 

In comparison with tundra Cryosols, the forest Cryosols are not affected by 
long-term over-moistening. This results in the formation of an eluvial horizon, the 
migration and illuviation of organic-mineral compounds, the acid pH condition, 
and base unsaturation. Table 2.9.1 shows the soil properties. 



Table 2.9.1. Properties of Cryosols of Altay (Kovalev, 1973). 



Horizon Depth, Corg., pH Base satu- Oxalate Particles<0.001 
cm % H 2 O ration, % Fe 203 , % mm, % 

Central Altay (Ter ekhtinskiy ridge). Stagni-Fibrihistic Cryosol. P.767. 



H 

0 

AB 

Bg 

Bgi 


0-8 

8-34 

34-45 

45-65 

65-80 


29.2 
5.0 

4.2 
4.6 
5.5 


6.9 

6.7 

6.5 

6.4 

6.5 


100 

100 

99 

99 

99 


0.41 

1.15 

0.80 

0.54 

0.48 


9.9 

12.3 
12.2 

8.3 


East Altay (Chulyshmanskiy ridge). Stagni-Fibrihistic Cryosols (Spodic). P.896. 


H 


0-30 


28.8 


4.1 


- 


- 


- 


E 


30-35 


2.4 


4.5 


31 


0.5 


8.8 


Bhi 


35-50 


1.9 


4.9 


20 


0.7 


9.2 


Bgi 


50-65 


0.4 


5.1 


62 


0.2 


9.0 


East Altay (Chuyskaya depression). Geli-Sodic Solonchak (Sulphatic). P.5-70. 




Layer I 


0-1 


- 


9.8 


- 


- 


- 


Layer II 


1-8 


2.8 


8.7 


- 


- 


10.8 


Layer Ilia 


8-28 


2.2 


9.3 


- 


- 


14.6 


Layer Illb 


28-45 


1.4 


9.4 


- 


- 


9.2 


Layer lY 


45-90 


1.3 


9.2 


- 


- 


4.2 


East Altay (Chuyskaya depression). Geli-Salic Solonetz. P.6-70. 




Az 


0-2 


1.0 


8.4 


- 


- 


7.8 


Bk 


2-10 


1.1 


8.9 


- 


- 


7.1 


Bk 


10-50 


0.5 


9.1 


- 


- 


7.6 


BCk 


50-100 


0.1 


9.0 


- 


- 


6.2 
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2.3. Forest soils 

When the permafrost table lies at 100 to 200 cm deep, it does not affect the prop- 
erties of well drained soils. Thus, Brown forest soils (Gelic Cambisols) and 
Brown forest podzolized soils (Albi-Gelic Cambisols) within the areas of spo- 
radic permafrost do not differ from permafrost-free Brown forest soils (Dystric 
Cambisols). In contrast to its action on well drained soils, deep permafrost has an 
important soil-forming role in poorly drained conditions, where it acts as an aqui- 
clude. 



2.4. Gelic soils 

Gelic Solonchaks and Gelic Solonetses occur in intermontane depressions under 
an extra-continental arid climate. Permafrost patches occur in these (Chuiskaya) 
depressions due to strong frost; the winter air temperatures decrease to -60®, and 
snow depth is only 10 to 12 cm. 

Meadow and Typic Solonchaks (Gelic Solonchaks) and Meadow Solonetzes 
(Gelic Solonetzes) are spread at the altitude of 1700 m throughout Kastanozems 
areas, under steppes and desert-steppe vegetations. They occur in relief depres- 
sions on the mixed lacustrine-glacial and alluvial deposits under the influence of 
saline water, flowing above the cryogenic aquiclude. The salt sources are pre- 
dominantly the bedrocks of the slopes from which the salts are released under 
weathering and transported with lateral flows in accumulative positions of relief. 

The soil surface is covered sparsely by different kinds of alkali grass, worm- 
woods {Artemisia frigida, A. argyrophylla), lyme grass (Aneurolepidium sp.), 
Statice gmelin, and Lasiagrostis splendens. The latter forms the round giant (5 to 6 
m in diameter) tussocks rising above the surface. The Solonchaks occur under the 
tussocks, while on the barren periphery of the tussocks are the Solonchaks with a 
saline crust. Solonetzes occur on the micro-highs in the Solonchaks areas and on 
the micro-lows throughout the permafrost-free Salic and Natric Kastanozems 
(Kovalev, 1973). 

The Geli-Sodic Solonchak (Sulphatic) (P. 5-70) and Geli-Salic Solonetz (P. 6- 
70), which Examples 2.9.1 and 2.9.2 describe, occur under a pasture on the first 
flood-plain terrace of the Chuya river, 1700 m a.s.l. Parent rocks are sandy-loamy- 
gravelly alluvial deposits. 

Example 2.9.1. P. 5-70. Micro-high, covered by alkali grass, Statice gmelin. 

Layer I. 0 to 1(2) cm. Soft salt crust. 

Layer II. l(2)-8 cm. Wet, brownish blue-gray, structureless, loamy, penetration resistance is 
high. Includes the roots and rock debris. Strongly effervescent. Distinctness is gradual. 
Layer III. 8 to 28 cm. Wet, pale blue-gray, structureless, clay loamy, penetration resistance 
is high, sticky. Includes very few roots, many pebbles and rock debris. Strongly 
effervescent. Distinctness is clear. 

Layer lY. 28 to 90 cm. Loamy gravel-sand layers, blue-gray with common rust-colored 
mottles. Includes few roots. Strongly effervescent. Below - suprapermafi-pst water. 
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Example 2.9.2. P. 6-70. Microhigh close to P. 5-70. 

Az. 0 to 2 cm. Dry, gray whitish, soft, loamy, with salt efflorescence. 

Bkl. 2 to 10 cm. Dry- wet, brown, columnar structure, loamy. Includes few roots and gravel 
rock fragments. Strongly effervescent. Distinctness is clear. 

Bk2. 10 to 50 cm. Wet, yellow-brown, structureless, clay loamy gravelly, includes roots 
and salt efflorescence - few and very few. Strongly effervescent. Distinctness is clear. 

??k. 50 to 100 cm. Wet, rust-colored, loamy gravelly, includes very few roots. Strongly 
effervescent. Suprapermafrost water appears below 100 cm. 



Tables 2.9.1 and 2.9.2 show soil properties. Solonchak and Solonetz are alka- 
line soils, and sodium is dominant among exchangeable cations. In the salt crust of 
the Geli-Sodic Solonchak (Sulphatic), sodium chloride and sodium sulfate prevail. 
In the Geli-Salic Solonetz, the exchangeable sodium-rich horizon (solonetz hori- 
zon) lies at 2 to 10 cm deep, and highest salt concentrations are marked above and 
under it. 



3. Sayans 

Sayans includes two mountains systems, the West and East Sayans. The nature of 
this region is essentially different from other parts of southern Siberia. Figure 
2.9.3 shows the structure of the altitude soil belts of the West and East Sayans. 

The West Sayan system is oriented partly west-east, and partly from southwest 
to northeast, to the extent of 650 km between 58M0’ to 51°20' N latitudes and 
87M0’ to 97°E longitude. The absolute elevations of the highest ridges reach 2400 
to 3000 m. Topography is of tectonic, erosive, and glacial origin. Recent land- 
scapes preserve the features induced by Quaternary glaciation and periglacial en- 
vironment, glacial deposits, and permafrost. Intermontane depressions occur on 
lower positions (300 to 1200 m). The ridges are underlain mainly by metamorphic 
(chlorite and quartz schist) and sedimentary (sandstone, conglomerate, limestone) 
rocks, from which weathering produces loamy and clay loamy gravelly slope de- 
posits. Moraine occurs in highlands. The climate reflects the great distance from 
oceans and complicated topography, and it changes, with the altitude, from cool to 
very cold. 

The southern province is under the great influence of the Siberian anticyclone 
and is significantly drier than the northern one (210 to 450 mm per year, versus 
1000 to 1200 mm in the north) and has a colder winter. Thus, permafrost occurs 
predominantly in the southern part of the West Sayan. In the southern climatic 
province, the winter (January) temperatures (""C) are very low, from - 22 . 1 ^ to 
-33.9®, and the summer (July) ones are relatively high, 17.2 to 19.9®, rising some- 
times to 32° in steppe depressions. The mean annual temperatures, depending on 
elevation, vary from -0.6® (440 m)to -5.4® (900 m) and -8.4® (2000 m). Winter pre- 
cipitation is 10 to 20% of the annual amount, and snow thickness is not more than 
19 to 45 cm. 
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Table 2.9.2. Chemical composition of water extracts from a Gelic Solonchak and Gelic 
Slonetz from Altay (from Kovalev, 1973). 



Depth, 

cm 


Insoluble 

residue, 

% 


CO”3 


HC 03 ' 


Cl' 




% 


Mg'", 

% 


Na^ 

% 


X,% 


Geli-Sodic Solonchak (Sulphatic). Profile 5-70. 

0-1 49.17 0.540 0.915 7.064 


23.59 


0.011 


0.067 


16.49 


48.69 


1-8 


2.89 


0 


0.071 


0.844 


0.852 


0.045 


0.028 


0.898 


2.738 


8-28 


0.83 


0 


0.142 


0.174 


0.201 


0.004 


0.001 


0.257 


0.779 


28-45 


0.36 


0 


0.107 


0.043 


0.068 


0.004 


0.001 


0.094 


0.317 


45-90 


0.20 


0 


0.071 


0.017 


0.035 


0.004 


0.002 


0.048 


0.177 


Geli-Salic Solonetz. Profile 6-70. 
0-2 0.941 0 


0.004 


0.175 


0.418 


0.119 


0.032 


0.153 


0.901 


2-10 


0.450 


0 


0.059 


0.023 


0.224 


0.006 


0.003 


0.134 


0.449 


10-20 


1.376 


0 


0.046 


0.168 


0.692 


0.018 


0.015 


0.421 


1.360 


30-40 


0.895 


0 


0.032 


0.295 


0.247 


0.009 


0.015 


0.282 


0.890 


50-80 


0.504 


0 


0.029 


0.200 


0.095 


0.007 


0.016 


0.159 


0.506 



Altitudinal vegetation belts are: <300 to 400 m in the north and <700 to 800 m 
in the south, steppe vegetation; <1600 to 1800 m, fir and cedar pine forests in the 
north and, in the south, larch forests with different ground vegetation — lingon- 
berry (Vaccinium vitis-idaea L.) and lingonberry-herbaceous communities on the 
low mountain levels and ledum {Ledum palustre L.)-mossy and lingonberry-mossy 
ones on highlands; >1800 m in the north and > 2000 to 3000 m, subalpine and al- 
pine meadows, followed by dryad (Dryas punctata Juz.), moss-lichen, and dwarf- 
shrub tundra (Mikhailov, 1961). 

Permafrost has sporadic distribution (10 to 30% of total area), and its tempera- 
ture is -1° or -2°C (Romanovskyi, 1993). It occurs widely on high elevations of all 
large ridges. Within the intermediate mountain belts, it occurs in the southern 
province, on northern slopes, usually under moss-peat cover. Permafrost is also 
common in the bottoms of boggy lowlands. Figure 2.9.3 shows the main features 
of soil distribution according to elevation and aspect of macroslopes. 

The main permafrost-affected soils are Soils of cryogenic circles (Turbic 
Cryosols), Peaty bog gleyzems (Gleyi-Histic Cryosols), Taiga peaty gleyzems 
and Taiga mucky gleyzems (Stagni- Fibrihistic and Stagni-Saprihistic Cryosols), 
and Humus-illuvial podzol (Saprihisti-Gelic Podzol). 



3.1. Turbic Cryosols 

Soils of cryogenic circles under suppressed lichen vegetation are widespread in 
the tundra belt, combining with rock outcrops and stony fields. Soils are strongly 
deformed by cryogenic processes, forming such specific microrelief as stony rings 
and stony sorted polygons. The properties of the Turbic Cryosols of the West 
Sayan are similar to these of the East Sayan (see below) (Smirnov, 1970). 






240 



Gracheva 




Figure 2.9.3. Distribution of soils depending on altitude and aspect in the Sayan mountains. 
Soils: PZ - Podzol (et - entic, ge - gelic); CM - Cambisol (dy - dystric, mo - mollic); 
UMge - Gelic Umbrisol; CR (gl, st, sd, tu), HS (cy, ge), GLhi; PHle, LP, LV, CH, KS (See 
Figure 2.9.2). 



3.2. Peaty bog gleyzems 

Permafrost-affected Peaty bog gleyzems (Gleyi-Histic Cryosols) occupy the large 
areas within the tundra, taiga, and steppe alpine belts (Table 2.9.3). Peaty bog 
gleyzems of the taiga occur at different elevations within the forest belt, in the de- 
pressions under the bog vegetation. The thickness of the peat layer varies from 30 
to 200 cm and more. Usually the peat lies directly on frozen deluvial or alluvial 
deposits, which play a role of cryogenic aquiclude. Example 2.9.3 gives their soil 
description. 

In the steppe belt, the cryogenic Peaty bog soils occur mainly in kettle depres- 
sions, along the border with the Tuva province, where permafrost occurs in iso- 
lated patches along rivers valleys. The profile includes: moss-sedge litter (0 to 5 
cm), wet brown-black peat up to 15 cm; grayish blue-black almost liquid peat-clay 
mass (15 to 30 cm); from 30 to 80 cm, water saturated fine gravel and sand; below 
80 cm, ice permafrost. These soils, unlike tundra and taiga soils, have high pH 
values, which weakly decrease from peat layers (7.5) to mineral horizons (6.9). 
The weak carbonate and sodium alcalinization occur due to lateral and surface 
flows of waters with high salt content (Nosin, 1963). 
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Table 2.9.3. Some properties of Cryosols and related soil of West Sayan (from Smirnov, 
1970). 



Horizon 


Depth, cm 


Corg., % 


PHh20 


Base satu- 
ration, % 


Oxalate 
Fei 03 , % 


Particles 
<0.001 mm, % 


Northern part (Borus ridge). Tundra Gleyi-Histic Cryosol P.256. 






H 


0-8 


84.0* 


4.4 


3 


0.2 


- 


0 


8-30 


20.4 


4.6 


25 


1.1 


36.5 


Bh 


30-35 


8.4 


4.8 


44 


1.3 


28.0 


Bgi 


35-60 


5.7 


5.2 


32 


1.8 


25.6 


Eastern part (Ergak-Torgak-Taiga ridge). Taiga Gleyi-Histic Cryosol. P. 435. 




H 


0-10 


73.8* 


5.3 


98 


0.2 


18.0 


0 


10-30 


57.5* 


6.3 


95 


0.9 


29.6 


Cig 


30-35 


25.8 


6.2 


90 


0.8 


19.4 


Central part (Sayanskiy ridge). Stagni-Fibrihistic Cryosol. P. 328. 






H 


0-24 


85.9* 


5.2 


28 


0.2 


- 


Big 


24-35 


11.2 


5.7 


67 


0.9 


27.9 


Big 


35-48 


10.5 


5.6 


70 


0.8 


29.4 


Cg 


48-58 


9.9 


5.5 


70 


0.7 


27.2 


Eastern part (Ergak-Torgak-Taiga ridge). Stagni-Saprihistic Cryosol P.445. 




H 


0-22 


69.7* 


4.6 


28 


0.3 


- 


0 


22-33 


22.4 


5.0 


75 


0.8 


49.9 


Bg 


33-50 


3.7 


5.0 


75 


0.9 


27.2 


Big 


50-80 


2.2 


5.4 


74 


0.9 


36.3 


Ci 


80-100 


3.8 


5.2 


80 


0.9 


30.2 


Southern part (Ridge Mirskiy). Saprihisti-Gelic Podzol. P. 1 76. 






H 


0-9 


83.5* 


5.2 


30 


0.2 


- 


0 


9-25 


82.9* 


4.2 


13 


0.7 


- 


Eh 


25-43 


12.8 


4.6 


29 


1.9 


24.4 


Bih 


43-62 


5.1 


5.9 


54 


3.3 


34.4 


BCi 


62-95 


0.3 


6.7 


84 


1.6 


13.0 



* Loss of ignition. 



Example 2.9.3. P.435. Peaty bog gleyzem (Gleyi-Histic Cryosol). 

Watershed of Kuchar river, the northern flat slope, 900 m a.s.l. Spruce-larch-cedar pine for- 
est with ledum-sphagnum cover. Well expressed cryogenic features of microtopogra- 
phy, such as micro-lows, micro-highs, moss hummocks. Parent materials are clay 
loamy deluvial deposits. 

10 to 0 cm. Living mosses. 

H. 0 to 24 cm. Wet, dark brown-black peat. 

OA. 24 to 30 cm. Wet, dark brown, loamy clay, many roots. 

Cig. 30 to 35 cm. Wet, brownish blue-gray, clayey loam, with lenses of ice; intensive water 
flowing from pit walls; very few roots. 

Below 35 cm. Frozen ground. 

As distinct from Peaty bog gleyzems in tundra, in taiga these soils are weakly acid and 
base-saturated. Mineralized ground water neutralizes the organic acids produced in the 
peat layer. The content of oxalate-extractable iron is relatively low and weakly rises in 
the mineral horizon (Table 2.9.3). 
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3.3. Taiga peaty gleyzems and Taiga peaty-mucky gieyzems 

Taiga peaty gleyzems and Taiga peaty-mucky gleyzems (Stagni-Fibrihistic and 
Stagni-Saprihistic Cryosols) occur in the forest belt in the southern part of the 
West Sayan. They occur under severe climate and a shallow permafrost table, 
which results in an impermeable moisture regime. Atmospheric precipitation and 
ice melting, due to a short and cool vegetative period, moistens the active layer ex- 
tensively, and weakly decomposed organic matter accumulates. This moss-peat 
layer prevents the permafrost within the soil profile from thawing. 

Taiga peaty gleyzems dominate at high elevations on the clayey textured sub- 
strata, under ledum-moss larch and cedar pine depressed forests. Taiga peaty- 
mucky gleyzems are widespread in the areas of permafrost-free Taiga soddy soils 
(Dystric Cambisols and Dystri-Albic Cambisols) on the shadow slopes and the flat 
piedmonts at moderate elevations (900 to 1000 m), under larch, larch-cedar pine, 
and cedar pine-spruce forests with lingonberry-ledum-sphagnum and sphagnum- 
moss cover. These soils occur in warmer conditions, and organic matter is more 
decomposed. 

The important feature of these soils is the formation of specific light humus 
which is morphologically invisible but chemically detectable (Table 2.9.4). Exam- 
ples 2.9.4 and 2.9.5 give their typical profiles (Smirnov, 1970). 



3.4. Podzols 

Permafrost-affected Podzols occur under the larch and cedar pine moss and shrub- 
moss forests, too, but in a warmer climate than gleyzems. The thickness of the ac- 
tive layer is 100 and more cm, and cryogenic forms are not expressed on the soil 
surface. Nevertheless, the seasonally frozen ground may be preserved in the soils 
during summer. These soils occur on the northern slopes of ridges in the southern 
and central parts of the West Sayan. Humus-illuvial Podzols are strongly acid un- 
saturated soils. They are enriched by organic matter and the migration of organic- 
iron matter within the profile (Example 2.9.6) is clearly expressed (Table 2.9.3). 



Table 2.9.4. Some properties of two Cryosols from East Sayan (from Gorbachev, 1978). 



Horizon 


Depth, 

cm 


Corg., % 


PHh20 


Base 
satura- 
tion, % 


Oxalate 

Fe203, % 


Particles 
<0.001 
mm, % 


Central part (Manskoye belogorye). Turkic Cryosol Profile 465. 






Layer I 


0-20 


12.0 


4.5 


24 


2.2 


10.4 


Layer II 


40-60 


3.5 


4.6 


22 


2.2 


12.0 


Layer III 


85-95 


1.7 


4.7 


50 


1.9 


8.2 


Southern part (Vala ridge). Stagni-Saprihistic Cryosols. Profile 516. 






0 


5-16 


62.6* 


3.9 


18 


0.6 


- 


Oi 


16-25 


28.8* 


4.0 


14 


0.9 


- 


OCi 


25-40 


11.0* 


3.7 


16 


1.6 


16.6 



* Loss of ignition. 
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Table 2.9.5. Some properties of Cryosols and related soils of the Priamurye (from Shapiro, 
1984). 



Horizon 


Depth, 

cm 


Corg., 

% 


PHh20 


Base 

saturation, 

% 


Oxalate 

FC 203 , 

% 


Particles 
<0.001 
mm, % 


Lepti-Histic Cryosol. Profile 202-81. 










01 


3-15 


80.9* 


3.7 


18 


- 


- 


02 


15-26 


38.2* 


4.1 


11 


0.38 


- 


BCi 


26-33 


2.9 


4.4 


9 


0.33 


4.4 


Lepti-Histic Cryosol (Spodic). Profile 89-78. 








0 


2-15 


45.3* 


3.9 


17 


0.9 


11.2 


E 


15-25 


1.6 


3.8 


13 


0.6 


1.3 


Bs 


25-40 


1.4 


4.5 


16 


0.9 


4.6 


BCi 


40-50 


1.0 


4.5 


11 


0.6 


4.1 


Taiga Histi-Gelic Podzol. Profile 37-79. 








0 


0-5 


24.2* 


4.5 


20 


0.4 


- 


E 


5-10 


0.6 


4.2 


9 


0.1 


3.1 


Bs 


10-34 


2.8 


4.8 


26 


1.2 


9.8. 


BC 


34-54 


1.1 


4.9 


30 


0.2 


3.2 


C 


54-100 


0.8 


5.2 


48 


0.1 


1.1 


Tundra Histi-Gelic Podzol (Entic). Profile 127-81. 








H 


0-4 


53,4* 


3.9 


17 


- 


- 


0 


4-15 


18.3* 


4.3 


10 


0.6 


8.6 


Bsh 


15-25 


3.6 


4.4 


36 


1.1 


8.4 


BC 


25-40 


1.6 


4.8 


48 


0.2 


6.2 


C 


60-100 


0.9 


4.8 


52 


0.1 


2.0 



* Loss of ignition. 



Example 2.9.4. P. 328. Taiga peaty gleyzem (Stagni-Fibrihistic Cryosol). 

Ridge Sayanskiy, northeast slope, 1750 m above sea level, hummocky microrelief In mi- 
cro-lows, the well sorted, fine-earth matter accumulates due to transportation of surface 
suprapermaffost waters. In the ledum-sphagnum-lichen larch open woodland, the larch 
trees form additional roots because of the close permafrost table. Parent rock is sand- 
stone deluvium. 

9 to 0 cm. Living lichens and mosses. 

Hi. 0 to 24 cm. Wet dark brown peat, with many roots and ice pieces. 

Bigl. 24 to 35 cm. Wet, dirty blue-gray, with rust-colored spots, silty clay loam, gravelly, 
structureless, frozen, iced. Roots are very few. 

Big2. 35 to 48 cm. Moist, blue grayish brown, silty clay loam, gravelly, structureless, fro- 
zen. 

Cig. 48 to 58 cm. Blue grayish brown frozen iced clayey stony. Water table appears in one 
hour. 
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Example 2.9.5. P. 445. Taiga peaty-mucky gleyzem (Stagni-Saprihistic Cryosol). 

Ridge Ergac-Torgac-Taiga, northern flat slope, 950 m above sea level. The surface topog- 
raphy is hillocky hollow. Vegetation: cedar pine-spruce forest with sedge, ledum, moss, 
sphagnum and lingonberry. Parent rock is red sandstone. 

7 to 0 cm. Living mosses. 

H. 0 to 22 cm. Wet, brown peat, with fair amount of roots. Includes charcoals. 

OA. 22 to 33 cm. Wet, dark brown, clayey, weakly aggregate structure, soft; many roots. 

Bl. 33 to 50 cm. Wet, brown, clay loamy, thixotropic. Penetration resistance is high. Many 
stony debris. 

Big2. 50 to 80 cm. Wet, brown-blue-gray with rust-colored spots, thixotropic; ice lenses. 

Ci. 80 to 106 cm. Yellow-brown, clay loamy, frozen. 



Example 2.9.6. P. 176. Humus-illuvial Podzol (Saprihisti-Gelic Podzol). 

Ridge Mirskyi, northeastern steep slope, 1500 m a.s.l. Cedar pine moss and herbaceous- 
moss forest with spruce and fir. Parent rock is deluvium of chlorite schist. 

H. 0 to 9 cm. Peat layer. 

OA. 9 to 25 cm. Wet, dark brown, many roots, decomposed wood remains, distinctness is 
abrupt. 

E. 25 to 43 cm. Dry, light gray, gravelly loamy clay, structureless, few roots, distinctness is 
clear. 

Bih. 43 to 62 cm. Wet, brown-ocherous, gravelly clayey loam, structureless, seasonally fro- 
zen, distinctness is gradual. 

BC. 62 to 95 cm. Brown, very gravelly loam, structureless, dense, very cold. 



4. East Sayan 

The East Sayan is northeast of the West Sayan, runs to 1350 km from north-west 
to southeast, and is 200 to 350 km wide. The elevations of ridges vary from 2000 
to 2500 to 3000 m, and the main elements of topography are of glacial origin. An- 
cient interior plateaus are well preserved. They are situated at the elevations from 
1200 to 1300, to 2700 to 2800 m and are isolated by high mountain ridges. Igne- 
ous and metamorphic rocks occur more widely in the East Sayan than in the West 
Sayan; thus stony, loamy sandy, and loamy eluvium and deluvium of granite, dio- 
rite, quartzite, marble, quartz sandstone, and schist play an important role as soil 
parent materials. 

The winter Asian anticyclone air mass strongly affects the climate of East 
Sayan, which on the whole is more continental than West Sayan’s. The most se- 
vere and continental climate conditions are characteristic for the southeastern part 
of the East Sayan. The winter in this region is long and cold (mean January tem- 
perature varies from -28 to -38°C ), and amplitude between maximum and mini- 
mum temperatures reaches 80 to 90°C. Annual precipitation is not more than 200 
to 250 mm in intermontane depressions and 400 to 450 mm on the mountain 
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slopes. The winter part of annual precipitation is only 2 to 5%, and snow thickness 
is not more than 6 to 20 cm. 

Climate-induced isolated patches of permafrost are characteristic for western 
macroslopes, and sporadic and extensive discontinuous permafrost occurs within 
the eastern macroslope and southeastern part of East Sayan. The annual tempera- 
tures of frozen grounds vary from -0.5° to -3° C in the first region, and to -5°C in 
the second (Romanovskiy, 1993). 

The general features and changes of belts of vegetation, especially on the west- 
ern slope, are not like those of the West Sayan. In the East Sayan, the steppe belt 
is not clearly expressed, and usually pine-birch wooded steppe occupies the pied- 
monts up to 400 to 500 m, and larch dominates in all mountainous forests. 

In spite of the wide distribution of permafrost, genuine Cryosols occur only in 
the tundra belt and upper parts of shadow forested slopes. In other permafrost ar- 
eas, the thickness of thawed ground is more than 200 cm. 

The main permafrost-affected soils are: Soils of cryogenic circles (Turbic 
Cryosols), Tundra peaty and Tundra mucky bog gleyzems (Gleyi-Fibrihistic 
and Gleyi-Saprihistic Cryosols), Mountainous meadow soddy soils (Gleyi-Gelic 
Umbrisols), and Taiga peaty-mucky gleyzems (Stagni-Saprihistic Cryosols) 
(Targulian, 1971; Gorbachev, 1978). 



4.1. Turbic Cryosols 

Turbic Cryosols occur within stony lichen tundra on the flat surfaces of planation, 
high interior plateaus and the upper parts of smooth northern slopes at elevations 
from 1400 to 2200 to 2400 m. The surface cryogenic processes in these areas are 
very intensive and form such specific elements of microrelief as sorted circles and 
low-center polygons of 0.6 to 1.5 m in diameter. Usually soils of the central parts 
of circles and polygons have a monotonous profile, with light brown, friable, 
loamy fine gravelly mineral matter. The cryogenic layered structure may be ex- 
pressed weakly. The permafrost lies at 80 to 90 cm deep (Gorbachev, 1978). Table 
2.9.4 lists some properties of Turbic Cryosol. 



4.2. Tundra peaty and Tundra mucky bog gleyzems 

Tundra peaty and Tundra mucky bog gleyzems occur widely on fiat surfaces 
and depressions under excessive moistening and imperfect drainage. They have 
much in common with the analogous soils of the West Sayan. 

4.3. Mountain meadow soddy soils 

As distinct from the Altay and the West Sayan, in the East Sayan, permafrost- 
affected soils occur in subalpine and alpine meadows belts. 
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The cryogenic Mountain meadow soddy soils (Gleyi-Gelic Umbrizems) occur 
on elevations of 1400 to 1900 m, both on flat and steep slopes, under dense grass 
cover, including violet {Viola altaica), geranium {Geranium albiflorum), gentian 
{Gentiana altaica), and monkshood {Aconitum sajanense). The parent rocks are 
usually loamy or clay loamy mixed deluvium of granite and gneiss, and ancient al- 
luvial deposits. However, on stony eluvium, especially on limestone and marble 
rocks, the shallow (40 to 70 cm) and well drained non-cryogenic Mountain 
meadow soddy soils (Mollic Cambisols) are formed. 

Specific features of Gleyi-Gelic Umbrisols are a good drainage of topsoil and 
accumulation of well decomposed organic matter (acid mull humus), on the one 
hand, and the action of lateral flows of suprapermafrost water and reduction- 
oxidation processes in subsoil, on the other hand. The profile of Gleyi-Gelic 
Umbrisols is relatively deep and consists of these horizons: 

Dense sod cover (0 to 3 cm). 

A (3 to 15 cm). Gray, blocky granular, silt loam, with gradual distinctness. 

ABg (15 to 40 cm). Blue grayish gray, subangular blocky, friable, silt loam, 
with clear distinctness. 

Bg (40 to 1 10 cm). Grayish blue-gray with red and rust-colored mottles, clay 
loamy, structureless. 

BCg (1 10 to 180 cm). Water-saturated, grayish blue-gray and yellow-brown, 
mottled, loam with few fine gravel. Cryogenic aquiclude lies at the depth of 
1 80 cm, and suprapermafrost water appears at the depth of 140 to 160 cm. 

Soils are strongly or extremely acid and are base-unsaturated. Humus content is 
highest in the A (13%) and AB 00.6%) horizons and slowly declines with further 
depth, up to 1.5% at the bottom of the soil. The fulvic acids dominate in humus 
composition, and humus’ enriching of mineral horizons occurs both due to organic 
accumulation in situ and migration of soluble organic matter. Oxalate-extractable 
iron content varies from 1.0 to 2.8% and exhibits two peaks, in topsoil and in the 
Bg horizon, and shows clear evidence of removal from the ABg horizon. The bio- 
genic accumulation of calcium and magnesium is characteristic in humus horizons 
when active leaching of the profile occurs (Gorbachev, 1978). 



4.4. Taiga peaty-mucky gleyzems 

Taiga peaty-mucky gleyzems (Stagni-Saprihistic Cryosols) (see “West Sayan”) 
occur in the coolest positions of the taiga belt, usually on the upper parts of north- 
ern slopes, under wet spruce-larch moss depressed forests, bordering with the 
Podzols and Taiga Soddy Soils (Dystric Cambisols), which occupy warmer sites. 
In the southeastern region, cryogenic Gleyzems occur more widely, forming rela- 
tively small areas in shadowed slopes, on mountain saddles, and in narrow valleys 
and canyons, where the active layer does not exceed 40 to 50 cm. Table 2.9.4 lists 
their properties. 
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5. Tuva 

Tuva is a complex of mountain ranges and intermontane depressions located be- 
tween the arc of the Sayan mountain system on the north and Mongolia on the 
south. The main ridges rise to 2300 to 3200 m; the intermontane depressions lie at 
500 to 1 100 m (Tuvinskaya) and higher, at 800 to 1200 m (Todjinskaya). The cli- 
mate is continental and extra-continental, with mean winter temperatures of -25 to 
-34°C and summer means of 19 to 20°C, rising sometimes to 35 to 40°C, espe- 
cially in the eastern part of Tuva, which has the most severe climate. 

Tuva lies in the “rain shadow” of the Altay and the West Sayan, and annual 
precipitation is very low - from 100 to 180 to 300 mm. Snow cover thickness is 
10 to 30 cm almost everywhere, and permafrost occurs in highlands, on northern 
slopes, and in intermontane depressions, where it occurs in small sites on lowlands 
and in river valleys. The permafrost table lies at 0.2 m to a few meters, and its an- 
nual temperatures are -2 to -5°C (Romanovskiy, 1993). 

Vegetation belts follow humidity and elevation: desert steppes, steppe, forests 
(from 900 to 1300 m to 2000 m and, in semiarid southern regions, from 1700 to 
2400 m), alpine meadows, and tundra. Soil cover is more complicated than in the 
Sayans and includes a wide spectrum of desert-steppe and steppe soils (Brown 
Desert-Steppe Soils [Calcisols]), Kastanozems, Chernozems) and forest and tun- 
dra soils. The slope aspect plays an important role in soils’ distribution. On the 
southern slopes of the Tannu-Ola ridge, Kastanozems occur under dry steppes, 
and on the northern slopes, under cedar pine and larch forests, Entic Podzols and 
Stagni-Histic Cryosols prevail. 

The main areas of cryogenic soils occur in tundra and taiga belts in northeastern 
and eastern Tuva, close to the East Sayan, and partly in extracontinental intermon- 
tane depressions. They include the same soils as in the permafrost areas of the 
East Sayan: Soils of cryogenic circles (Turbic Cryosols), Peaty and mucky 
gleyzems (Gleyi-Fibrihistic and Gleyi-Saprihistic Cryosols), Mountain meadow 
soddy soils (Gleyi-Gelic Umbrisols), and Taiga peaty-mucky gleyzems (Sapri- 
histic Cryosols (Stagnic). The properties of the Cryosols of Tuva are similar to 
those of the East Sayan (Table 2.9.4). In the intermontane depressions under 
steppe vegetation occur Peaty bog gleyzems. Their properties are practically iden- 
tical to those of Peaty bog gleyzems of the Turano-U 3 mkskaya kettle depression 
in the West Sayan (Table 2.9.3). 



6. Priamurye 

Priamurye is a part of the Russian far east, situated between the Stanovoy range 
and the Amur river and extended to the east to Okhotsk and the Japan sea, cover- 
ing the vast left bank of the Amur basin and the river valley on the right bank. Pri- 
amurye includes several ridges (the southern edge of Stanovoy, Yankan, Tukurin- 
gra, Djagdy, and Bureinskiy) with mean elevations from 1000 to 1500 m and 
lowland provinces. Mountain ranges have wide massive forms of ridges, with 
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separate alpine peaks, and mainly Proterozoic and Paleozoic metamorphic rocks 
and granite intrusions underlie them. In the lowlands, the alluvial deposits occur 
widely. 

The Priamurye is the most humid part of the southern sector of the cryope- 
dosphere in Russia. The climate is monsoon, with a cold dry winter and a humid 
summer. In the northwestern part of the area, the continental features of climate 
are strong. The mean summer and winter temperatures on the piedmont of the Tu- 
kuringra ridge (Zeya river basin, northern part of Priamurye) are 14 to 18°C and 
-30 to -32°C, respectively. Temperature inversions occur in valley bottoms, due to 
the flow of cold air from the slopes, so the landscapes of valleys are more severe 
than those of slopes. The annual precipitation varies from 550 to 650, to 800 to 
1000 mm, increasing with elevation and toward the sea coast. Monsoon air circu- 
lation keeps the winter portion of precipitation at only 5 to 20% of annual quan- 
tity. Snow cover is 20 to 30 cm thick, increasing in high mountains to 50 cm and 
more. 

The vegetation changes with altitude and from west to east. On the piedmonts 
and slopes of western mountain ridges, up to 900 to 1100 m, larch {Larix da- 
huricd) forests with rhododendron {Rhododendron aureum), lingonberry, and le- 
dum are dominant. To 1200 to 1300 m, forests of spruce {Picea jezoensis) and the 
narrow ecotone belt of mountain pine {Pinus pumila) form between forest and 
dwarf-shrub and lichen tundra belts. Tundra occupies the wide mountain ridges 
and tops at elevations of 1300 to 1400 m, with barrens on the highest ridges and 
peaks. To the east, spruce-Khingam fir {Abies Nephrolepis) forests occupy the 
large areas, and the larch lichen and ledum forests occur in cold and wet positions. 
The boundaries of vegetation belts are lower to the east, and, on the hills of the sea 
coast, tundra lies at 200 to 400 m, bordering with thin larch forests and bogs. The 
bogs occur very widely, and specific moss peat bogs with suppressed larch, le- 
dum, and Betula middendorffii, so-called “maris,” are characteristic for alluvial 
lowlands and wide mountain valleys (Nikolskaya, 1981). 

The most widely distributed soils in tundra and taiga are Podzols and Podburs 
(Entic Podzols), which Brown Forest Soils (Eutri-and Dystri-Umbric Cambisols) 
replace in the warmest positions. The bog soils occur widely both in alluvial plains 
and mountain valleys. 

The permafrost occurs continuously in the northwestern and northern parts of 
Priamurye, with a thickness of 100 to 300 m and annual temperatures from -2 to 
-5°C. The thawing layer varies from 20 to 40 cm to 150 to 200 cm and more. In 
the lowlands and on the seacoast, permafrost distribution is intermediate (not more 
than 60 to 65%) and sporadic (5 to 30%), and its table lies at 5 to 10 and more me- 
ters deep (Nekrasov, Klimovskiy, 1978; Romanovskiy, 1993). 

Permafrost-affected soils occur mainly in areas with continuous permafrost, but 
soils with expressed cryogenic features occur widely in mountain valleys and low- 
lands, due to deep (2 to 2.5 m) and long (6 to 7 months) seasonal freezing. The 
evidences of cryogenic processes — frost mounds, cryoturbations, and frost wedg- 
ing — are common in the sites with additive moistening and fine soil texture, es- 
pecially in bog (maris) landscapes. 
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The main cryogenic soils are Soils of cryogenic circles (Turbic Cryosols), 
Mountainous stony organic soils (Lepti-Histic Cryosols), Tundra podburs and 
Podzols (Lepti-Histic Cryosol [Spodic]), Taiga podburs and Podzols (Histi-Gelic 
Podzols), and Peaty bog gleyzems (Histic Cryosols) (Shapiro, 1984). 

The specific features of cryogenic soils of Priamurye, excluding bog soils, are 
coarse texture and high permeability. 



6.1. Turbic Cryosols 

Turbic Cryosols are similar to those described earlier. 



6.2. Lepti-Histic Cryosols 

Lepti-Histic Cryosols are the most widely distributed cryogenic soils in Pria- 
murye. They occur on elevations higher thm 1000 m, under coniferous forests, 
mountain pines, and tundra vegetation with dense moss cover. They occur in de- 
pressions of mountain relief, on massive ridges and flat slopes, among permafrost- 
free Mountainous stony organic soils and Tundra podburs, which have a 
thicker (to 60 to 80 cm) profile. In cryogenic Mountainous stony organic soils, 
the peat cover is usually 25 to 30 cm and more, and the permafrost table lies at 40 
to 100 cm as aquiclude. (See Example 2.9.7.) 

Example 2.9.7. P. 202-81. Lepti-Histic Cryosols. 

Tukuringra ridge, flat saddle, 1 180 m a.s.l. Mountain tundra with predominantly bog le- 
dum-dwarf-shrub-sphagnum vegetation. Parent rock is gneiss. 

H. 0 to 3 cm. Wet moss and lichen litter. 

01. 3 to 15 cm. Wet dark brown peat. 

02. 15 to 26 (30) cm. Very wet, black-dark brown peat with few gneiss debris and clear 
distinctness. Water appears from the walls of the pit. 

BCi. 26 (30) to 33 cm. Wet, brownish gray, sandy, gravelly, structureless, with ice lenses. 
Water comes intensively from the pit wall. 

Soils do not manifest gleyic features in spite of over-moistening, due to their coarse texture 
and the occurrence of flow channels. At the same time, the cryogenic aquiclude slows 
the migration of organic matter and iron elements through the soil profile. Table 2.9.5 
shows properties of Lepti-Histic Cryosols of tundra and taiga. 



6.3. Tundra podburs and Podzols 

Cryogenic Tundra podburs and Podzols (Lepti-Histic Cryosol (Spodic) occur on 
well drained sites of watersheds and north-oriented slopes, under moss-lichen tun- 
dra vegetation. In the Podbur profile, there is a dark brown and brownish black 
peaty layer (0 to 15 cm) above the illuvial horizon Bh (15 to 40 cm), which is dark 
brown, structureless, sandy, gravelly, and stony, with black coatings on debris sur- 
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faces. The ice rich frozen horizon BCi (40 to 50 cm) is yellowish brown, structure- 
less, sandy, and stony. 

In Podzols, the light gray eluvial E horizon with a thickness of 3 to 5 cm under- 
lies the peat layer. The cryic horizon acts as an aquiclude during the relatively 
short spring. The subsoil is wet but not gleyic. The very fine ice crystals do not de- 
form the soil matter, and cryoturbations are not characteristic. Soils are strongly 
acid, and migration of organic matter and iron and aluminum is well pronounced 
(Table 2.9.5). 

Cryogenic Tundra and Taiga podzols (Histi-Gelic Podzols) and Podburs 
(Histi-Gelic Podzols (Entic) do not occur widely. They occupy well drained sites 
in tundra and the upper part of the coniferous belt, on small, smooth mountain 
tops, mounds, and convex slopes. The properties of cryogenic Podzols and Pod- 
burs of tundra and taiga belts are very similar (Table 2.9.5). (See example 2.9.8.) 

Example 2.9.8. P. 37-79. Taiga podzol (Histi-Gelic Podzols). 

Tukuringra ridge, 950 m, flat terrace on the northern slope, larch taiga with ledum- 
lingonberry-moss cover. Parent rock is gneiss. 

O. 0 to 5 cm. Dark brown-black peat. 

E. 5 to 10 cm. Light gray, structureless, sandy loamy, with gneiss debris. Many roots. 

Bhs. 10 to 34 cm. Yellow-brown, subangular, fine sandy loamy, very gravelly; debris 
coated by sporadic dark brown coatings; common roots, clear distinctness. 

BC. 34 to 54 cm. Wet, yellow-brown, structureless, sandy loamy, extremely gravelly, with 
sporadic light brown coatings, few roots, gradual distinctness. 

Ci. 54 to 100 cm. Wet, grayish olive brown, sandy, fine gravelly, stony, with ice lenses in 
lowest part. Below, the frozen cemented sandy gravelly ground. 



6.4. Peaty bog soils 

Peaty bog soils (Cryic Histosols) occur in a wide elevation range, occupying 
poorly drained positions on mountain saddles, wide mountain depressions, and flat 
terraces in all alpine belts, and cold sites on steep northern slopes, especially under 
larch ledum-sphagnum bog vegetation (maris) and tundra bog vegetation. The 
lowest part of the peat layer is frozen at 20 to 30 or 40 to 50 cm deep. 

In the Fibri-Cryic Histosols, the layer of living moss (thickness is 10 to 12 cm) 
is underlain by dark brownish black peat with fine ice lenses. The peat is fiilly fro- 
zen at >20 cm deep. 

In Sapri-Cryic Histosols, under the brown peaty layer (35 cm) lies well decom- 
posed black peat, which at 50 to 55 cm deep is frozen and impermeable for perco- 
lating water. Cryoturbation processes are well expressed on surfaces and specific 
paisa bogs often form. 





S. 2 Ch. 9 Cryosols of the Mountains of Southern Siberia and Far Eastern Russia 



251 



7. Conclusion 

The cryogenic soils of the mountains of southern Siberia and far eastern Russia 
occur widely in the central and southeastern Altay, the southern part of the West 
Sayan and southeastern parts of the East Sayan, northeastern and eastern Tuva, 
and the northern part of the Priamurye. 

Cryosols occur extensively under the severe climate of high tundra alpine belts 
and the upper parts of northern and shadowed forested slopes, and they occupy 
significant boggy areas through all elevations. Sporadic and isolated areas of 
cryogenic soils are specific for intermontane depressions and the alluvial plains of 
Priamurye. 

The main permafrost-affected soils are the Turbic, Histic, Stagnic, and Gleyic 
Cryosols, as well as the Gelic Podzols in Priamurye. Weakly decomposed accu- 
mulation of organic matter, high acidity, and base unsaturation are characteristic 
for Cryosols in most cases, and, in the southern intermontane depressions under 
extra-continental arid climate, Gelic Solonchaks and Gelic Solonetzes form in 
poorly drained sites. 
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1. Introduction 



1 .1 . Area 

Mongolia stretches for nearly 1200 km north to south and covers over 10 latitu- 
dinal degrees (from 52°04'N to 41°48TSf), with forested mountains in the north and 
desert depressions in the south. Naturally, the latitudinal zonality influences the 
distribution of permafrost-affected soils; they decrease from north to south. Rele- 
vant literature (Melnikov, 1974; Lonzhid, 1966; Tumurbator, 1975, and others) 
describes geocryological conditions of Mongolia and provides information on his- 
torical records of studies, actual and paleocryological conditions, and the division 
of the area into geocryological regions. 



1.2. Climate 

Investigations of the heat balance of the seasonal freeze and thaw cycles of Mon- 
golian soils show that general climatic conditions favor the complete summer 
thawing of ground frozen in winter. However, part of the ground may stay frozen, 
usually at depths greater than 100 cm, because of climatic conditions that 
megafactors (absolute altitude, slope aspect, etc.) and mesofactors (topography, 
degree of forestation, etc.) determine. 

Much of the permafrost in Mongolia is a Pleistocene relict which deep winter 
freezing maintains, due to the strong continental climate of the country. Calcula- 
tions based on data from the literature (Melnikov, 1974) show that the perennially 
frozen ground covers 10-15% of Mongolia. 
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1.3. Soil science history 

Historical records of Mongolian soils (Gerasimov and Nogina, 1984) show soil 
scientists focused almost exclusively on steppe and desert territories, and they did 
not specifically deal with cryogenic soils. Thorough studies of cryogenic soils be- 
gan in the 1960s and early 1970s and made it possible to compile a soil map of 
Mongolia at a scale of 1:2 500 000 (Nogina, 1980), to publish monographs and 
papers which characterized various cryogenic soil types, to systematize results of 
regular (including winter) field studies, and to define the area’s regions of perma- 
frost soils (Bannikova et al, 1980; Lavrenko and Bannikova, 1983; Maximovich 
and Mirkin, 1980; Maximovich, 1993; Ogorodnikov, 1981; Gerasimov and Nog- 
ina, 1984; Nogina, 1978; Grubov, 1980). 

This chapter is based on both a review of the published literature and on still 
unpublished data I collected. It gives an overview of soil-forming factors, includ- 
ing cryogenic factors, and provides the basis for a systematic description of soils, 
followed by the delineation of the regions of permafrost-affected (but not gener- 
ally Crysolic) soils in Mongolia. 



2. Soil-forming Factors 

Mongolia is near the center of the Eurasian continent, quite distant from maritime 
influence. High mountain systems, which prevent the penetration of humid air 
masses, surround it. The altitude ranges from 565 to 4362 m, with an average of 
1500 m above sea level. These factors produce an extremely continental climate. 
Table 2.10.1 gives climatic data for the main zones of Mongolian permafrost- 
affected soils. 

Table 2.10.1. The climatic data (1975-1980) for some of the belts (zones) containing per- 
mafrost-affected soils in Mongolia: high mountainous meadows and mountainous taiga. 
Data from the Tsetserleg meteorological station in the steppe zone is included for compari- 
son. 



Parameters 


Steppe 


Mountainous 

Taiga 


High moun- 
tainous 
meadows 


Altitude above sea level, m 


1695 


2050 


2507 


Mean annual temperature, °C 


0.4 


-1.1 


-4.2 


Mean July temperature, 


14.4 


11.8 


8.9 


Mean January temperature, °C 


-15.0 


-14.7 


-19.3 


Absolute air temperature maximum, year, 


30.1 


28.9 


26.4 


Absolute air temperature minimum, °C 


-35.1 


-34.8 


-30.5 


Annual air temperature amplitudes, °C 


65.2 


58.0 


49.9 


Daily air temperature amplitudes, °C 


25.4 


17.9 


16.9 


Relative air humidity, % 


55 


69 


65 


Atmospheric precipitation, mm 


306 


342 


437 
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Autumns in Mongolia are dry and sunny. Normally, freezing of soils begins in 
late October, when there is little or no snow, and occurs at nearly the same rate 
within all altitudinal belts with grass vegetation, being delayed only in the taiga 
belts. The freezing goes deep, up to three meters and more. According to our data, 
in soils with active layers, ground up to 200 cm deep will refreeze and fuse with 
permafrost before the end of November. 

Winters in Mongolia are cold, sunny, and with little snow. Continuous snow 
cover (25-30 cm, sometimes up to 50-60 cm) forms under forest communities of 
north-oriented mountainous slopes. In the high-mountain zone, winds often carry 
the snow away, and the snow cover is highly irregular. On windward sites, it is 
very thin (3-5 cm), and the height of dry grasses determines its thickness. During 
winters with abundant snowfalls, a continuous snow cover also can form on steppe 
plains. 

Thawing of frozen soils is extremely slow in the spring, particularly in high al- 
titude belts; it accelerates with the beginning of summer rains and proceeds rap- 
idly with heavy rains. Sometimes the rainwater temporarily is frozen in the soil 
profile, forming a frozen icy screen. Thawing of taiga soils with insulating moss 
cover is delayed during the dry summers, as it is in high-mountain soils, where 
rain nearly exclusively determines the thaw rate. 

The decrease of air temperatures and increase of humidity at higher altitudes 
leads to forest and tundra vegetation with underlying permafrost-affected soils. At 
these high altitudes, taiga (subdivided into lower-level, middle-level, and upper- 
level taiga) substitutes for open grassy woodlands. The mossy pre-tundra (i.e., up- 
per subalpine) forests and alpine tundra are at elevations >2500m asl, where the 
amount of heat is insufficient to develop full forest vegetation. However, this se- 
quence occurs only on north-facing slopes of mountains. 

On the warmer and drier south-facing slopes, the forest belts disappear almost 
everywhere, giving way to the steppe zones which extend upwards until their con- 
tact with alpine vegetation. The soils of these slopes are permafrost-free. Alpine 
tundras spread over flat sites of high mountains. In the near-apical part of the 
southern slopes, the tundra does not border directly on the alpine steppes. The belt 
of low-grass alpine meadows dominated by Cobresia and Carex species, occur- 
ring over cryogenic soils, separates the alpine tundra and alpine steppe belts. 

The forests covering the north-oriented slopes of mountains do not spread down 
to the foothills and intermontane valleys, where there is not enough heat for forest 
stands because of temperature inversions and cold air stagnation. These are niches 
for tail-grass meadows on permafrost-affected soils. Wetlands with cryogenic soils 
occupy the lower levels. 

In the steppe belts, the soils with permafrost are confined to habitats with addi- 
tional moistening near springs and saline depressions. Deep permafrost with active 
layers generally >200 cm also occur under the bottoms of some dried saline lake- 
beds. 
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3. Regions of Permafrost-affected Soils 

Figure 2.10.1 shows Mongolia’s division into five regions, on the basis of the 
presence of permafrost-affected soils and paleocryogenic features. 




Figure 2.10.1. Permafrost-affected soil regions of Mongolia. 1. discontinuous areas of per- 
mafrost-affected soils; 2. sporadic areas of permafrost-affected soils; 3. isolated patches of 
permafrost-affected soils; 4. rare patches of permafrost-affected soils and pronounced 
paleocryogenic features; 5. non-permafrost soils and areas of soils with paleocryogenic fea- 
tures. 
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3.1. Khubsugul Mountain region and the northern slope of Khentey 

The Khubsugul Mountain region and the northern slope of Khentey are the most 
humid regions in Mongolia, and the sequence of altitude belts is of the humid 
type. Forests cover all mountain slopes, except for the steepest south-facing ones. 
High mountains are humid. 

The discontinuous occurrence of these permafrost-affected (but non-Cryosolic) 
soils characterize this region: Mountain frozen taiga soils {Gelic Leptosols), 
Mountain soddy-taiga deeply frozen soils (Humi-Gelic Regosols), Frozen-swampy 
soils (Gelic Gleysols), and Alpine-tundra soils - Soddy (Lepti-Gelic Regosols, 
Gelic Leptosols), Mucky-peaty-gley (Geli-Saprihistic Gleysols [Leptic]). 

Permafrost often occurs in the form of paisas in wetlands of intermontane val- 
leys at depths of 1 to 1.5 m. The taiga and high mountain soils thaw under the in- 
fluence of rains in the beginning of summer. 



3.2. Northern macroslope of Khangay and southern 
macroslope of Khentey 

Khangay is in the wind shadow of mountains north of it, while the southern slope 
of Khentey is the wind shadow of the northern slope. Here, there is less precipita- 
tion than in the Khubsugul Mountain region and northern slope of Khentey. The 
sequence of altitude belts is of the subhumid type. Forests cover only the north- 
facing mountain slopes, while steppe vegetation dominates the south-facing 
slopes. 

The high-mountain meadows contain steppe elements and even are sometimes 
transformed into high-mountain meadow steppes. The area of lichen-moss and 
dwarf shrub-mossy tundra decreases. 

In summer, frozen horizons in the soil profile occur in wetland meadow soils of 
intermontane valleys and under forests of northern slopes. The high-mountain 
soils, which receive more precipitation, thaw in the first half of summer. 

The sporadic cover of cryogenic soils are characteristic for Alpine-tundra soddy 
soils (Lepti-Gelic Regosols, Gelic Leptosols), High-mountain meadow soils 
(Lepti-Gelic Phaeozems), Mountain permafrost taiga soils (Gelic Leptosols), 
Mountain soddy-taiga deep permafrost soils (Humi-Gelic Regosols), Meadow 
deep permafrost soils (Gelic Phaeozems or Gelic Chernozems), and Permafrost- 
swampy soils (Gelic Gleysols). 



3.3. Southern macroslope of Khangay and Mongolian and 
Goblan Altai 

In the Southern macroslope of Khangay and Mongolian and Gobian Altai, the 
general dryness of climate is enhanced. The elevational stratification is subarid 
(Khangay) and arid. Forests disappear from northern slopes, while steppes and de- 
serts extend upward to very high altitudes. Aridization of the high-mountain belt is 
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enhanced. High-mountain meadows transform into high-mountain meadow 
steppes. Humid mossy tundra disappears, giving way to rocky tundra, the herbage 
of which contains plants capable of forming cushions. 

These are regions of isolated patches of Alpine-tundra soddy (Lepti-Gelic Re- 
gosols, Gelic Leptosols) and High-mountain meadow (Lepti-Gelic Phaeozems) 
cryogenic soils in which permafrost occurs. Cryogenic soil-forming features are 
also evident in wetlands of intermontane valleys covered with frost mounds con- 
taining even hydrolaccolites and Permafrost-swampy soils (Gelic Gleysols). 



3.4. Low mountains, plains, and depressions in the 
northern half of Mongolia 

Low mountains, plains, and depressions in the northern half of Mongolia are 
steppe, steppe-desert, and desert territories. These regions have rare isolated 
patches of permafrost-affected soils and clearly manifest paleocryogenesis. Per- 
mafrost sometimes occurs under saline meadows and the bottoms of saline lakes 
(Permafrost solonchaks-solonetzes [Gelic Solonchaks, Gelic Solonetzes]). 



3.5. Dry steppe, desert-steppe, and desert areas in the southern 
half of Mongolia 

The dry steppe, desert steppe, and desert areas in the southern half of Mongolia 
are regions with seasonally freezing soils and frequent relicts of paleocryogenesis. 



4. Systematic Description of Cryogenic Soiis 

Permafrost-affected soils of Mongolia generally are confined to alpine tundras and 
high-mountain meadows, taiga and open woodlands of north-oriented slopes, tail- 
grass meadows and wetlands in high-altitude intermontane valleys, and saline de- 
pressions in the steppe belts. 

Taxonomic names that here differentiate the cryogenic soils in these belts come 
from the soil map (Nogina, 1980) and the relevant monograph (Gerasimov and 
Nogina, 1984) published for the country (Table 2.10.2). Correlated taxonomic 
equivalents within the World Reference Base (WRB) (ISSS Working Group RB, 
1998) system appear here in italics. Detailed descriptions follow for each group of 
cryogenic soil, the general locations, and associations with cryogenic features and 
characteristics. 
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Table 2.10.2. Cryogenic Soils of Mongolia. 

1 . Alpine tundra: 

Alpine-tundra soddy soils (Lepti-Gelic Regosols, Gelic Leptosols) 

Alpine-tundra mucky-peaty-gley (Geli-Saprihistic Gleysols [Leptic]) 

Alpine-tundra destructive soils (Stagni-Gelic Regosols) 

2. High-mountain meadows: 

High-mountain meadow soils (Lepti-Gelic Phaeozems) 

3. Upper-level taiga: 

Mountain permafrost taiga peaty-mucky-gley soils (Turbi-Histic Cryosols [Gleyic]) 

4. Middle-level taiga: 

Mountain permafrost taiga soils (Gelic Leptosols) 

5. Lower-level taiga: 

Mountain soddy-taiga deep permafrost soils (Humi-Gelic Regosol) 

6. Subtaiga open woodlands: 

Mountain meadow- forest deep permafrost soils (Gelic Phaeozems) 

1. Meadows and wetlands in intermontane valleys: 

Meadow deep permafrost (Gelic Phaeozems or Gelic Chernozems) 
Permafrost-swampy soils (Gelic Gleysols) 

8. Near-spring and saline depressions around drying saline lakes in the steppe belt: 

Meadow deep permafrost soils Permafrost solonchaks-solonetzes (Gelic Solonchaks, 
Gelic Solonetzes) 

9. River flood-plains 

Flood-plain boggy and meadow soils (Geli-Saprihistic and Geli-Gleyic Fluvisols) 



4.1. Alpine Tundra Soils 

4.1.1. Alpine-tundra soddy soils 

Alpine-tundra soddy soils (Lepti-Gelic Regosols, Gelic Leptosols) form on well 
drained sites covered with dryad (Dry as sp.) and cobresial-dryad (Cobresia, 
Dryas) and, less frequently, lichen-sedge communities. They can occupy relatively 
large areas on high flat surfaces where snow blows away. At the same time, soddy 
soils also form the microcomplex pattern of polygonal and hummocky tundras. 

Despite their well drained nature, solifluction phenomena and frost-sorting 
characterize them. The soil profile does not undergo gleyzation or has only poorly 
pronounced stagnic features. No frost is evident in these soils in July or August, 
but the depth of soil profiles did not exceed 90 cm because of shallow lithic con- 
tact. 

The thickness of the solum of these soils ranges from approximately 10 to 40 
cm. Horizons are often discontinuous, due to cryoturbation. However, the humus 
(A) horizon of these soils stands out distinctly, with its thickness ranging from 5 to 
17 cm and its upper part enriched in plant roots (root mat, 1 to 2 cm) and humus. 

Tables 2.10.3 through 2.10.5 present the analytical characteristics of these soils. 
This site information applies to the Alpine tundra soddy soils profiles: Profile 646, 
Tarbagatay, near the Solongot Mountain pass, 2600 m asl; Profile 731a and Pro- 
file 73 IZ) (a, cobresial patch; b, lichen patch), Gobian Altai, Ikh-Bogd Mountain, 
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3629 m asl; Profile 784, central Khangay, Tsagan-Bitu Mountain, 3050 m asl; 
Profilel217, western Khangay, Otgon-Tenger Mountain, 3200 m asl. 

All of the A horizons are rich in organic matter, and humic acids prevail in the 
uppermost part of the horizon, but the share of fulvic acid increases with the 
depth. Humus is mobile and migrates down the soil column. Iron and silicon are 
also mobile. Despite their loamy texture and the abundance of humus, these soils 
are not well aggregated or microaggregated. The organic matter of these tundra 
soddy soils has undergone active humification only in the uppermost part of the A 
horizon, as low values of C:N ratio indicate, but at a depth of 5 to 10 cm this ratio 
increases more than two-fold. The soils are acidic over the entire profile, though 
they can have neutral pH near the southern limit of their distribution in the Gobian 
Altai. 



Table 2.10.3. Particle-size and microaggregate analysis of soil complex associated pat- 
terned ground on alpine tundra. 



Pro- 

file 


Hori- 

zon 


Depth 

(cm) 


Coarse 
Fragments 
(>1 mm) 


Fractions (mm), fine earth 
(<1 mm) (%) 

<0.001 <0.01 >0.05 


Aggre- 

gates 

>0.05 


Aggregation 
degree (%) 
according to 
Beiver and 
Roades 


731a 


A 


0-10 


58 


13 


35 


47 


74'""""" 


36.5 


731b 


A 


0-10 


54 


9 


25 


54 


67 


19.4 


731c 


A 


0-10 


65 


21 


45 


25 


42 


40.5 



Table 2.10.4. Base saturation, pH, and humus properties of soils of alpine tundra. 



Pro- 

file 


Ho- 

ri- 

zon 


Depth 

(cm) 


pH 


Base 
Satura- 
tion (%) 


Organic matter content 
(%) 


C:N 


ChalCfa^' 








H 2 O 


KCl 




Total 


Water-soluble 






646 


A 


1-11 


5.90 


4.80 


63.2 


8.90 


- 


- 


- 




B 


20-30 


6.50 


4.60 


- 


1.95 


- 


- 


- 




BC 


55-65 


6.60 


4.70 


26.3 


1.25 


- 


- 


- 


647 


0 


0-5 


5.40 


4.40 


- 


77.3* 


- 


- 


- 




AO 


5-15 


5.60 


4.70 


52.2 


28.5* 


0.090*» 

(0.3) 


- 


- 


731a 


A 


0-10 


7.10 


6.00 


90.5 


7.65 


0.045 (0.6) 


- 


- 


731b 


A 


0-10 


6.83 


5.87 


89.6 


8.30 


0.039 (0.5) 


- 


- 


731c 




0-10 


7.61 


5.82 


91.6 


1.40 


0.019(1.4) 


- 


- 


784 


A 


0-5 


7.10 


5.62 


- 


18.30 


0.065 (0.4) 


- 


- 


819 


O 


0-9 


5.15 


4.20 


- 


83.8* 


- 


- 


- 




AO 


10-20 


5.90 


4.49 


- 


29.1* 


0.058 (0.2) 


- 


- 




Ag 


30-40 


5.78 


4.22 


- 


9.45 


0.045 (0.5) 


- 


- 




Bg 


60-70 


6.12 


4.78 


- 


4.65 


0.017(0.4) 


- 


- 


1217 


AO 


2-5 


5.60 


4.80 


69.6 


10.61 


- 


11 


1.51 




B 


5-9 


5.70 


4.50 


71.6 


3.94 


0.010(0.2) 


29 


0.82 




BC 


50-60 


5.95 


4.50 


77.0 


1.05 


- 


- 


- 



* Value based on loss on ignition method. ** Figures in parentheses indicate % of total humus. 
^ Ratio of humic to fulvic acid carbon. - = was not determined. 
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Table 2.10.5. Labile compounds in soils of alpine tundra. 



Pro- 

file 


Ho- 

rizon 


Depth 

(cm) 


Exchangeable 

Cations 

(IMKCl) 

(meq/lOOg) 


Oxalate exlact- 
able (%) 


Water extractable 
(mg/lOOg) 






A|-' 


FC 203 


AbOs 


ALO., 


Si02 


Fe 


646 


A 


Ml 


OJ 


0.3 


0.40 


0.20 


- 


- 


- 




BC 


55-65 


O.l 


1.7 


- 


- 


7.56 


- 


- 


819 


0 


0-9 


0.60 


0.30 


- 


- 


- 


- 


- 




AO 


10-20 


0.40 


0.35 


- 


- 


_ 


- 


- 




Ag 


30-40 


0.60 


0.55 








- 


- 




Bg 


60-70 


0.30 


0.20 


- 


- 


_ 


- 


- 


1217 


AO 


2-5 


- 




0.60 


0.55 


- 


- 


- 




B 


5-9 


- 


- 


0.80 


0.76 


0 


12.50 


0.05 




BC 


50-60 


- 


- 


1.06 


1.48 


0 


15.00 


O.ll 



- = was not determined. 



4. 1.2. Alpine-tundra mucky-peaty-gley soils 

Alpine-tundra mucky-peaty-gley soils (Geli-Saprihistic Gleysols [Leptic]) are the 
most typical for humid high mountains in the north of Mongolia (Khubsugul 
mountain region, northern parts of Khangay and Khentey). They formed on flat 
tops of mountain ridges, highland terraces, and the upper parts of northern slopes, 
under shrub-moss and lichen-moss communities that thaw slowly in summer. In 
some years, ice-rich permafrost was documented at depths of 20 to 25 cm. The 
processes of cryoturbation, solifluction, frost jacking, and sorting are well pro- 
nounced in these soils. 

A continuous moss layer overlies a horizon of loose poorly decomposed peat 5 
to 10 cm thick, which overlies a dark mucky horizon 1 1 to 17 cm thick with abun- 
dant plant roots in its upper part. The latter is followed by the humus-gley horizon 
(Ag) up to 25 cm thick and a Bg horizon 25 to 30 cm thick, enriched in organic 
residues and illuvial humus. Table 2.10.4 gives the analytical characteristics of 
some Alpine tundra mucky peaty gley soils from the following sites: Profile 647, 
Tarbagatay, near the Solongot Mountain pass, 2650 m asl; and profile 819, the 
same locality, at 2620 m asl. 

These soils are strongly acidic and have a high content of exchangeable alumi- 
num, while the horizons Ag and Bg are rich in humus, owing to its migration from 
the upper horizons. 

4.1.3. Alpine-tundra destructive soils 

Alpine-tundra destructive soils (Stagni-Gelic Regosols) occur as mud circles - 
patches devoid of vegetation. They are composed of a mineral mass strongly 
mixed by cryoturbation processes. This is a homogeneous bluish gray-brown mass 
with pale and rusty stains. Tables 2.10.3 and 2.10.4 present some properties of this 
soil type as derived from the site of Profile 731c (Gobian Altai, Ikh-Bogd Moun- 
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tain, 3620 m asl). Compared to the neighboring soils (profiles 731a and b) under 
vegetative cover, they have a finer texture in the upper 10 cm and hence are better 
aggregated, are more skeletal, and have a low humus content. 



4.2. High mountain meadows - High-mountain meadow soiis 
{LepthGelic Phaeozems) 

High-mountain meadow soils (Lepti-Gelic Phaeozems) formed under short- 
herbage high-mountain meadows, where Cobresia and Carex species predomi- 
nate, and under alpine forbs in the Khubsugul region. In the humid climate, they 
occur only on flat mountain tops. In the subhumid climate, they occupy mainly 
flat mountain tops, high highland terraces, and north-facing slopes only slightly 
higher than the upper forest limit. In the subarid regions. High-mountain meadow 
soils occupy similar positions but are more confined to northern slopes. Their dis- 
tribution shifts entirely onto northern slopes in the most arid regions. 

The soil cover of high-mountain meadows is discontinuous because of frost 
sorting and cryoturbation, though to a lesser extent than on tundras. The fine earth 
in the deeper part of soil profiles is thixotropic and, by filling voids between boul- 
ders, in some cases can act as an aquiclude. 

These soils have a clear-cut and rather thick (10 to33 cm) humus horizon of 
brownish dark gray color, with a grainy structure and a large amount of roots. The 
A horizon is usually free of coarse fragments and is usually a clay loam texture, 
while the horizon AB formed in the upper part of loose stony debris enriched in 
fine earth. The latter is followed by the horizons B and BC in loose stones with a 
small amount of fine earth, basically in the form of pendants on the upper sides of 
stones, which indicate clay migration within the profile. 

In the lower part of the BC horizon, the fine earth becomes thixotropic and oc- 
curs in the form of inclusions of yellow pale loam between boulders. Humus- 
sesquioxide films occur on the lower sides of stones throughout the profile. In 
some cases, large boulders have white calcite mottles on their surfaces, which in- 
dicate the periodic drying of the upper part of these soils, as the 6-year-long mois- 
ture measurements in the Profile 1288 (Tables 2.10.6 through 2.10.8) in the north- 
eastern Khangay region confirm. 
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Table 2.10.6. Particle-size and microaggregate analysis of soils of high-mountain 
meadows. 



Pro- 

file 


Hori- 

zon 


Depth 

(cm) 


Course 
Fragments 
(>1 mm) 


Fractions (mm), fine earth 
(<1 mm) (%) 

<0.001 <0.01 >0.05 


Aggre- 

gates 

>0.05 


Aggregation 
degree (%) 
according to 
Beiver and 
Roades 


621 


A 


4-14 


27 


13 


36 


27 


63 


57.1 




A 


14-24 


30 


19 


39 


29 


63 


54.0 




B1 


24-34 


33 


23 


43 


24 


62 


61.3 




B2 


34-44 


42 


17 


36 


32 


61 


47.5 




BC 


44-54 


55 


15 


33 


32 


59 


45.8 


1288 


A 


0-3 


no 


10 


28 


24 


- 


- 




A 


3-13 


no 


20 


44 


17 


- 


- 




A 


13-20 


no 


26 


48 


14 


- 


- 




AB 


20-30 


92 


24 


50 


14 


- 


- 




B 


30-40 


77 


28 


52 


13 


- 


- 




BC 


50-60 


53 


24 


42 


21 


- 


- 




BC 


70-80 


49 


20 


43 


21 


- 


- 



— = was not determined. 



In Mongolian Altai, one also can find High-mountain meadow soils {Eipti- 
Gelic Phaeozems) with a lot of calcite pendants on the lower sides of stones and 
also with pseudomycellia in the fine earth. These soils are not acidic over the 
whole profile (profile 1252). Variants of these soils also occur in which the upper 
part of the A horizon is enriched in humus (profile 1255). Tables 2.10.6 through 
2.10.8 give the analytical characteristics of these soils. 

The site characteristics of these High-mountain meadow soils include: Profile 
621, western part of the Bulnay Ridge, 2300 m asl; Profile 1215, western Khan- 
gay, Otgon-Tenger Mountain, 2870 m asl; Profile 1252, Mongolian Altai near 
Angirt River, 2700 m asl; Profile 1255, in the same locality, 3100 m asl; Profile 
1260, Mongolian Altai, southern part of the Dayan-Panchin Mountain pass, 2765 
m asl; Profile 1288, northeastern Khangay, Tuvshrulekh, Khairkhan Mountain, 
2507 m asl. 

These soils have a lot of mobile humus, mainly fulvic acid, though humic acids 
may predominate near the soil surface. The soils are well aggregated. Moderate 
mobility is characteristic of aluminium, silicon, and iron. 

The soils are mostly acidic and have a cold thermal regime. The temperature of 
10°C penetrates to between 17 and 27 cm deep, while that of 20°C isotherm does 
not reach even 5 cm. The lower part of the soil is always cold with a maximal 
temperature of only 6.2°C at 100 cm deep. At night, negative temperatures on the 
soil are possible during any summer month. According to observations carried out 
in 1975-1980, the maximum amplitude of daily temperature oscillations is 45.5°C. 
The mean lowest and highest temperatures for the same period were -36.9 and 
+55.5°C, respectively. 
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Table 2,10.7. Base saturation, pH, and humus properties in high-mountain meadow soils. 


Pro- 

file 


Hor 

izon 


Depth 

(cm) 


pH 




Base 
Satura- 
tion (%) 


Organic Matter Con- 
tent (%) 


C:N 


Cha^Ca 


H 2 O 


KCl 




Total 


Water- 

soluble** 


621 


A 


4-14 


5.47 


5.20 


65.1 


12.00 


0.050 (0.4) 


- 


- 




A 


14-24 


6.34 


5.00 


65.2 


6.40 


0.030 (0.5) 


- 


- 




B1 


24-34 


6.26 


5.20 


62.5 


4.50 


0.015(0.3) 


- 


- 




B2 


34-44 


5.98 


5.00 


61.5 


2.90 


0.005 (0.2) 


- 


- 




BC 


44-54 


5.86 


4.80 


71.5 


1.60 


0.005 (0.3) 


- 


- 


1215 


A 


3-10 


5.65 


4.70 


79.1 


7.91 


0.017(0.2) 


27 


0.71 




B 


10-19 


5.90 


4.65 


74.6 


5.09 


0.002 (0.1) 


27 


0.28 




BC 


50-60 


6.20 


4.80 


86.5 


0.74 


0.003 (0.4) 


- 


- 


1252 


AO 


0-3 


7.20 


6.55 


- 


25.2* 


- 


- 


- 




A 


3-13 


7.40 


6.55 


97.1 


10.35 


0.026 (0.3) 


12 


1.01 




B1 


16-26 


8.40 


7.40 


- 


4.41 


- 


- 


- 




B2 


35-45 


8.60 


7.70 


- 


1.41 


0 


- 


- 




BC 


90-100 


8.65 


7.70 


- 


0.80 


0.008(1.0) 


- 


- 


1255 


AO 


0-4 


6.15 


5.30 


84.7 


18.06 


- 


- 


- 




A 


5-15 


6.18 


5.50 


81.4 


10.56 


0.028 (0.2) 


11 


0.74 


1260 


AO 


0-5 


6.35 


6.05 


87.3 


20.62 


- 


17 


0.59 




AB 


5-15 


6.40 


5.50 


88.1 


5.83 


0.021 -(0.4) 


16 


0.76 


1288 


AO 


0-3 


7.00 


6.85 


- 


17.20 


- 


- 


1.27 




A 


3-13 


6.30 


4.38 


60.2 


11.70 


- 


- 


0.75 




A 


13-20 


5.90 


4.42 


60.9 


9.50 


- 


- 


- 




AB 


20-30 


6.15 


4.65 


54.9 


9.20 


- 


- 


0.70 




B 


30-40 


6.05 


4.56 


61.7 


7.70 


- 


- 


0.56 




BC 


50-60 


6.40 


4.25 


72.5 


2.00 


- 


- 


- 




BC 


70-80 


6.28 


4.30 


75.4 


1.70 


- 


- 


- 



* Value based on loss on ignition method. 

** Figures in parentheses indicate % of total humus. 
^ Ratio of humic to fulvic acid carbon. 

— - was not determined. 



In the studied soil, seasonal frost disappeared from the solum (90 cm thick) in 
late June under the action of rains, and it refroze rapidly after October 20. In the 
summer the soil is permanently moist, while in autumn the upper part of the soil 
profile undergoes considerable drying. 

Among all the soils of high mountains, only these High-mountain meadow soils 
have economic uses in Mongolia. They support pastures for cattle in Mongolian 
and Gobian Altai and partly in Khangay. 
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Table 2.10.8. Labile compounds in soils of high-mountain meadows. 



Profile 


Ho- 


Depth 


Exchange- 


Oxalate Ex- 


Water extractable 






rizon 


(cm) 


able Cations 


tactable (%) 


(mg/lOOg) 












(IMKCl) 

(meq/lOOg) 




















Af^ 


FcjOj 


AI 2 O 3 


AI 2 O 3 


Si 02 


Fe 


621 


A 


4-14 


- 


- 


0.61 


0.63 


19.38 


- 


- 




A 


14-24 


- 


- 


0.56 


0.14 


22,44 


- 


- 


1215 


A 


3-10 


0.02 


0.14 


1.06 


0.98 


0 


15.00 


0 




B 


10-19 


0.04 


0.08 


1.00 


0.56 


0 


- 


0.09 




BC 


50-60 


0.02 


0.06 


0.92 


0.36 


0 


15.00 


0.12 


1252 


A 


3-13 


- 


- 


1.10 


1.26 


- 


- 


- 


1255 


A 


5-15 


- 


- 


1.40 


2.40 


- 


7.20 


- 


1260 


AO 


0-5 


- 


- 


0.70 


0.86 


- 


- 


- 




AB 


5-15 


- 


- 


1.00 


1.40 


- 


- 


- 


1288 


A 


3-13 


0.20 


0.70 


- 


- 


- 


- 


0.50 




BC 


50-60 


0.10 


0.40 


- 


- 


- 


- 


2.10 




BC 


70-80 


0.20 


0.40 


- 


- 


- 


- 


- 




BC 


80-90 


- 


- 


- 


- 


- 


- 


4.00 



— = was not determined. 



4.3. Upper-level Taiga - Mountain permafrost taiga 
peaty-mucky-gley soils (Turbi-Histic Cryosols [Gleyic]) 

Mountain permafrost taiga peaty-mucky-gley soils (T urbi-Histic Cryosols 
[Gleyic]) occur under thin forests of taiga and pretundra on the level to depress 
ional sites on upper parts of northern slopes. They have a surface horizon of 
slightly compacted, undecomposed moss peat 10 to 20 cm (sometimes up to 30 
cm) thick, which in turn usually overlies a black mucky horizon and an A horizon 
very rich in humus. The thickness of these horizons does not exceed 10 to 12 cm. 

Beneath these upper horizons is a gray or brownish gray gleyed horizon, which 
sometimes is enriched in the illuvial humus. The bottom of the profile is always 
highly moist, due to the presence of a permafrost table that even in summer does 
not retreat below 50 cm and sometimes is found at depths of 20 to 30 cm. 

The soils have acidic pH values, with iron and aluminium in labile forms. Hu- 
mus of mineral horizons is fulvic. The upper part of these horizons are clay loams 
or clay texture, while downward the coarse fragment content increases and the 
texture may change to gravelly sandy loam. 



4.4. Middle Level Taiga - Mountain permafrost taiga soils 
(Gellc Leptosols, Turbi-Histic Cryosols) 

Mountain permafrost taiga soils (Gelic Leptosols, Turbi-Histic Cryosols) occur 
under cedar-larch, cedar, and sometimes pine-larch forests with mossy-dwarf 
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shrub vegetation cover. On the surface layer of such soils is a thin (up to 10 cm) 
organic horizon, composed of forest litter. A very thin (usually 2-3 cm) humus (A) 
horizon underlies it, followed by a loamy B horizon(s) with a varying amount of 
stones and rock debris of pale brownish, dark color passing downward into yel- 
lowish brown, usually slightly bluish colored. 

The fine earth layer is commonly not very thick, ranging from 15 to 40 cm. Be- 
neath is a BC horizon formed in a stony colluvium (former stone streams), with an 
accumulation of thixotropic loam between stones forming an aquiclude horizon. 

Tables 2.10.9 through 2.10.11 give the analytic characteristics of these soils. 
These are site properties of soils classified as Mountain permafrost taiga soils of 
the Middle Level Taiga zone: Profile 533, northeastern Khangay, Tuvshrulekh, 
1957 m asl, on June 19, 1971, frozen at 60 cm depth; Profile 548, central Khan- 
gay, near the Egiyn-daba Mountain pass, June 26, 1971, frozen at 36 cm depth; 
Profile 600, Hubsugul Mountain region, eastward of Khatgal, 1900 m asl, on July 
23, 1971, frozen at 68 cm depth; Profile 1007, northern Mongolian Altai, Turgen 
Ridge, 2070 m asl, on July 7, 1973, frozen at 85 cm depth; Profile 1160, north- 
eastern Khangay, Tuvshrulekh, 2050 m asl, on July 16, 1980, frozen at 11 cm 
depth. 

The soils are acidic, and saturation ranges from 70-80%. The extent of satura- 
tion increases slightly with depth. Silicon, iron, humus, and aluminium are labile. 
The texture is mostly clayey loams. 

The soils are permanently cold. Observations in the proximity of profile 1160 
(1975-1980) show that the 10°C temperature penetrates only to a depth of 3-9 cm; 
i.e., it acts practically within the limits of the litter layer. The maximum tempera- 
ture at a depth of 100 cm varied in different years from 0.3 to 2.4°C, while the 
minimum temperature did not decrease below -3.5°C. The thawing of soils con- 
tinues sometimes until the end of July, but more often it stops in mid- July. 

Permafrost is often present within one meter of the surface, and the soils are 
classified as Cryosols. The rainwater penetrating into frozen soil forms a tempo- 
rarily frozen ice-bonded aquiclude. On the whole, these soils are always moist; 
however, their moisture retention capacity is not high, due to the small thickness 
of the fine earth layer. An appreciable share in their water balance belongs to the 
moisture from the lateral intrasoil runoff and condensation. 
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Table 2.10.9. Particle-size and microaggregate analysis of soils of middle-level taiga. 

Profile Hor- Depth Course Fractions (mm), fine earth (<lmm) (%) Aggregation 
izon (cm) Fragments degree (%) 

(>1 mm) according to 

).001 <-0.0 1 >6.05 Aggre- Beiverand 

gates Roades 
>0.05 



mm 



533 


A 


3-10 


19 


16 


42 


22 


67 


67.2 




B 


10-15 


34 


19 


43 


24 


41 


41.5 




B 


15-23 


46 


20 


44 


20 


37 


45.9 


548 


A 


4-6 


no 


12 


35 


18 


71 


74.6 




B 


6-16 


40 


22 


52 


7 


44 


84.1 




BC 


20-30 


40 


20 


47 


20 


40 


50.0 


600 


A 


4-9 


no 


13 


40 


26 


68 


61.8 




B1 


9-13 


10 


14 


40 


25 


64 


60.9 




B2 


13-18 


10 


16 


40 


27 


57 


52.6 


653 


A 


5-9 


10 


13 


32 


44 


68 


43.6 




B1 


10-20 


50 


12 


26 


51 


71 


28.2 




EB 


21-31 


25 


13 


24 


55 


80 


31.2 




B2 


33-43 


15 


17 


32 


44 


67 


34.3 




BC 


60-70 


85 


11 


17 


61 


80 


23.8 


1007 


AO 


0-4 


no 


6 


20 


43 


95 


54.7 




A 


4-6 


no 


18 


43 


27 


75 


64.0 




B1 


6-13 


8 


15 


45 


26 


60 


56.7 




B2 


20-30 


24 


21 


42 


37 


63 


41.3 




BC 


35-45 


17 


19 


34 


36 


68 


47.1 




BC 


70-80 


90 


6 


13 


75 


88 


14.8 


1008 


AO 


4-10 


2 


12 


34 


25 


73 


65.8 




B1 


10-20 


43 


18 


39 


37 


66 


43.9 




B2 


22-32 


19 


19 


41 


32 


50 


36.0 


1081 


B 


15-25 


6 


19 


42 


29 


53 


45.3 




BC 


60-70 


60 


13 


29 


43 


58 


25.9 
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Table 2.10.10. Base saturation, pH, and humus properties in permafrost-affected soils of 
middle-level taiga. 


Profile 


Hori- 

zon 


Depth 

(cm) 


pH 

H 2 O 


KCl 


Base 

Satu- 

ration 

(%) 


Organic Matter 
Content (%) 

Total Water- 

soluble** 


C:N 


ChaCfa 


533 


0 


0-3 


- 


5.80 


- 


66.0* 


- 


- 


- 




A 


3-10 


5.65 


5.40 


70.4 


14.90 


0.160(1.1) 


- 


- 




B 


10-15 


5.50 


5.40 


76.1 


4.70 


0.071 (1.5) 


- 


- 




B 


15-23 


6.95 


5.40 


78.4 


2.70 


0.030(1.1) 


- 


- 




BC 


45-55 


- 


5.20 


- 


- 


0.020 


- 


- 


548 


A 


4-6 


- 


5.20 


77.4 


12.80 


- 


- 


- 




B 


6-16 


- 


4.80 


67.8 


8.90 


0.041 (0.5) 


- 


- 




BC 


20-30 


- 


5.00 


77.8 


3.70 


0.040(1.1) 


- 


- 


600 


0 


0-1 


- 


5.20 


- 


81.2* 


- 


- 


- 




AO 


1-4 


- 


5.00 


74.3 


85.0* 


- 


- 


- 




A 


4-9 


- 


4.80 


62.0 


12.00 


0.070 (0.6) 


- 


- 




B1 


9-13 


- 


4.60 


62.4 


5.50 


0.040 (0.7) 


- 


- 




B2 


13-18 


- 


4.80 


60.4 


3.20 


0.030 (0.9) 


- 


- 




BC 


22-32 


- 


4.80 


- 


2.10 


0.020(1.0) 


- 


- 




BC 


50-60 


- 


5.00 


- 


1.90 


- 


- 


- 




BC 


70-80 


- 


5.00 


- 


1.80 


0.040 (2.2) 


- 


- 


1007 


AO 


0-4 


6.46 


5.72 


90.0 


86.4* 


0.065 (0.1) 


- 


- 




A 


4-6 


6.15 


5.68 


86.7 


11.80 


0.071 (0.6) 


- 


- 




B1 


6-13 


6.15 


5.45 


82.1 


4.20 


0.052(1.2) 


- 


- 




B2 


20-30 


6.67 


5.75 


88.9 


1.70 


0.032(1.9) 


- 


- 




BC 


35-45 


6.56 


5.80 


89.7 


1.40 


0.026(1.9) 


- 


- 




BC 


70-80 


6.96 


6.17 


91.1 


0.80 


0.019(2.4) 






1160 


0 


0-10 


4.77 


- 


- 


- 


- 


- 


- 




A 


10-12 


4.66 


- 


- 


11.95 


- 


- 


1.08 




B1 


12-20 


4.90 


- 


- 


3.43 


- 


- 


0.77 




B2 


20-30 


5.39 


- 


- 


3.24 


- 


- 


6.75 




BC 


30-40 


5.79 


- 


- 


- 


- 


- 


- 




BC 


60-70 


6.27 


- 


- 


- 


- 


- 


- 



* Value based on loss on ignition method. 

** Figures in parentheses indicate % of total humus. 
^ Ratio of humic to fulvic acid carbon. 

- = was not determined. 
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Table 2.10.11. Labile compounds in permafrost-affected soils of middle-level taiga. 


Pro- 

file 


Hori- 

zon 


Depth 

(cm) 


Exchange- 
able Cations 
(IMKCl) 
(meq/lOOg) 


Oxalate extact- 
able (%) 


Water extractable 
(mg/lOOg) 




Af 

3 


Fe 203 


AI 2 O 3 


AI 2 O 3 Si 02 


Fe 


533 


B 


10-15 


- 


0.48 


0.22 


- 


- 




B 


15-23 


- 


0.51 


0.11 


- 


- 


1160 


0 


0-10 


- 


- 


- 


- 


0.9 




A 


10-12 


- 


- 


- 


- 


1.4 



4.5. Lower-level taiga - Mountain soddy-taiga 
deep permafrost soils (Humi-Gelic Regosols) 

Mountain soddy-taiga deep permafrost soils (Humi-Gelic Regosols) occur widely 
in the lower part of the taiga belt, as well as in the open woodlands between forest 
and steppe. They occur under larch, pine-larch, and birch-larch vegetation with 
green moss-herbaceous cover. 

The surface layer is a thin forest litter. This is underlain by a brown-gray humus 
horizon, clearly distinct in the profile, and then by a homogeneous bright gray- 
brown loamy horizon with rock debris. On the lower and upper sides of rock frag- 
ments, one can observe iron-humus films and fine earth coatings, respectively. 

The lower solum is divided conditionally into horizons B1 and B2. The thick- 
ness of all horizons are as follows (mean and range derived from 16 profiles): O = 
4 cm (1-8 cm), A = 7 cm (3-12 cm), AB = 13 cm (0-34 cm), B1 = 19 cm (11-30 
cm), B2 = 24 cm (0-50 cm). At depths of 45-75 cm, the B horizons usually are un- 
derlain either by deluvial stones with thixotropic loam or with a strongly fissured 
siltstones or granites. 

Tables 2.10.12 through 2.10.14 give the analytical characteristics of these soils. 
Site characteristics of soils of the Lower-level taiga zone are: Profile 590, left 
bank of Selenga River, Shabartym-gol, 1180 m asl; Profile 1162, northeastern 
Khangay, Tuvshrulekh vicinity, 1840 m asl; Profile 1278, the same locality, 1940 
m asl. 

These soils are composed of clayey loams and loams, well aggregated and rich 
in humus in their uppermost horizons; the humus is labile, with the ratio of humic 
and ftilvic acids >1 in the upper and <1 in the lower horizons (Table 2.10.12). A 
fairly wide range of C:N ratio values points to some inhibition of the humification 
of organic matter. The soils are mostly acidic, being sometimes neutral in the 
lower part. Migration of iron, aluminium, silicon, and humus can be identified by 
content of labile, water-extractable forms (Table 2.10.13) 
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Table 2,10.12. Particle-size and microaggregate analysis of frozen soils of lower-level 
taiga. 



Profile 


Hori- 

zon 


Depth 

(cm) 


Coarse 
Fragments 
(>1 mm) 


Fractions (mm), fine earth 
(<0.01 mm) (%) 

<0.001 <-0.01 >-0.05 


Aggregates 

>0.05 


Aggregation 
degree (%) 
according to 
Beiver and 
Roades 


590 


A 


3-13 


0 


21 


40 


35 


81 


56.8 




B1 


15-25 


0 


18 


34 


41 


66 


37.9 




B2 


32-42 


9 


20 


33 


34 


70 


51.4 




BC 


60-70 


9 


14 


28 


39 


74 


39.1 


1278 


A 


1-11 


0 


17 


42 


20 


67 


70.1 




B1 


13-23 


0 


18 


45 


22 


44 


50.0 




B2 


30-40 


16 


17 


44 


25 


38 


34.2 



Table 2,10,13. Base saturation, pH, and humus properties in permafrost-affected soils of 
lower-level taiga. 



Pro- 

file 


Hori- 

zon 


Depth 

(cm) 


pH 




Base 

Satura- 

tion 

(%) 


Organic Matter 
Content (%) 


C:N 


Cha'Cfa^ 


H 2 O 


KCl 




Total 


Water- 

soluble** 


590 


O 


0-1 


6.27 


5.63 


- 


81.7* 


- 


- 


- 




AO 


1-3 


6.55 


5.20 


- 


61.8* 


- 


- 


- 




A 


3-13 


6.68 


5.34 


83.8 


9.20 


0.045 (0.5) 


- 


- 




B1 


15-25 


7.27 


5.51 


90.5 


2.92 


0.052(1.8) 


- 


- 




B2 


32-42 


7.34 


5.31 


92.9 


1.20 


0.032 (2.7) 


- 


- 




BC 


60-70 


7.49 


5.37 


92.2 


0.75 


0.039 (5.2) 


- 


- 


1162 


A 


3-10 


6.75 


5.77 


75.7 


13.07 


- 


- 


1.48 




B1 


10-20 


6.45 


4.84 


47.5 


3.84 


- 


- 


1.76 




B1 


20-30 


6.38 


4.70 


48.3 


- 


- 


- 


- 




B2 


40-50 


6.16 


4.54 


54.3 


2.22 


- 


- 


0.65 




BC 


90-100 


6.74 


- 


59.7 


- 


- 


- 


- 


1278 


A 


1-11 


5.90 


5.10 


73.2 


27.69 


- 


18 


1.49 




B1 


13-23 


5.55 


4.20 


56.2 


5.40 


0.041 (0.8) 


- 


- 




B2 


30-40 


5.65 


4.15 


66.2 


2.20 


0.028(1.3) 


- 


- 


1279 


0 


0-4 


5.80 


5.35 


- 


61.9* 


- 


- 


- 




A 


4-7 


6.60 


5.85 


80.9 


15.51 


- 


25 


- 




AB 


7-11 


6.55 


5.40 


77.2 


7.10 


0.024 (0.3) 


- 


- 




B1 


11-21 


6.50 


5.10 


73.9 


3.75 


0.033 (0.9) 


- 


- 




B2 


30-40 


6.25 


4.80 


- 


5.19 


- 


- 


- 



* Value based on loss on ignition method. 

** Figures in parentheses indicate % of total humus. 
^ Ratio of humic to fulvic acid carbon. 

- = was not determined. 
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Table 2.10.14. Labile compounds in permafrost-affected soils of lower-level taiga. 



Profile 


Hori- 


Depth 


Exchangeable 


Oxalate 


Water extractable 








zon 


(cm) 


Cations 




extact- 


(mg/lOOg) 












(IM KCl) 
(meq/lOOg) 


able(%) 














H" 


Af' 


FcsOj 


AI 2 O 3 AI 2 O 3 


Si 02 


Fe 


590 


A 


3-13 


0.20 


0.15 


- 


- 


- 


- 




B1 


15-25 


0.10 


No 


- 


- 


- 


- 




B2 


32-42 


0.10 


No 


- 


- 


- 


- 




BC 


60-70 


0.10 


No 


- 


- 


- 


- 


1278 


B1 


13-23 


- 


- 


2.00 


2.56 


40.00 


- 




B2 


30-40 


- 


- 


0.76 


0.52 


50.00 


- 


1279 


AB 


7-11 


- 


- 


1.60 


3.28 


60.00 


- 




B1 


11-21 


- 


- 


1.36 


2.44 


18.00 


- 



— = was not determined. 



These soils are cold, though somewhat warmer than the taiga soils of higher 
elevation. According to the observations in the vicinity of profile 1162, the tem- 
perature of 10°C penetrates to a depth of 10-15 cm, i.e., into horizon A, and the 
maximum and minimum temperatures at a depth of 100 cm are 6.2 and -1.8°C, re- 
spectively. At the same time, the Mountain soddy-taiga deep permafrost soils 
(Humi-Gelic Regosols) freeze later than the steppe soils, due to the warming influ- 
ence of forest and an appreciable moisture content. 

These soils are covered with snow in every winter. Their thawing proceeds 
slowly and summer rains accelerate it, bringing atmospheric heat into the soils. 
The water regime here is periodically non-percolative; during dry years, no deep 
percolation of soil water occurs. The slowly thawing permafrost, which retreats 
below 100 cm deep by mid- to late June, controls the depth of percolation. A con- 
siderable share in the hydraulic balance of soils belongs to the lateral intrasoil wa- 
ter runoff that is intense during wet years. 



4.6. Subtaiga open woodlands - Mountain meadow-forest deep 
permafrost soils (Gelic Phaeozems) 

Mountain meadow-forest deep permafrost soils (Gelic Phaeozems) formed mostly 
on the lower parts of northern slopes, which have angles of 10-15° in forest mar- 
gins at their boundary with valley meadows or meadow steppe. The moisture in- 
flux from the taiga sites occurring at higher altitudes enhances the wetting of these 
soils. The vegetative cover consists mostly of thin larch and birch woods, with a 
continuous dense herbaceous cover. 

These soils have a rather thick (20-40 cm) and dark humus horizon and some- 
times contain buried humus horizons. They also have features of cryogenic dislo- 
cations (i.e., cryoturbation) and ice schlieren. 

The profile is acidic in the upper part and neutral in the lower horizons. The 
soils are well humified (10-15%), Cha:Cfa >1. They develop under conditions of 






272 



Maximovich 



humus accumulation and slight leaching; they are well microaggregated and pos- 
sess an appreciable absorption capacity. 

The soils are cold; the temperature of 10°C penetrates to a depth of 25 to 30 
cm. Seasonal frost is present in the upper horizons until the end of June. 



4.7. Meadows and wetlands in intermontane valleys 

4.7.1. Meadow deep permafrost soils (Gelic Phaeozems or 
Gelic Chernozems) 

Meadow deep permafrost soils (Gelic Phaeozems or Gelic Chernozems) formed in 
the belt of exposed forest-steppe in intermontane valleys under rich herbaceous 
meadows. These soils are used in agriculture for grazing in autumn and growing 
hay in summer. They have high organic matter content (10 to 17% in 0 to 10 cm) 
and a deep A horizon (50 to 60 cm). 

The humus is labile, Cha:Cfa >1. The upper horizons are clayey loams, while 
the texture of the lower horizons can be very diverse. The soils are weakly or 
moderately acid and can be neutral or even slightly alkaline in the lower horizons 
if carbonates are present there. 

In the first half of summer, the presence of slowly thawing seasonal frost in the 
profile determines the water regime to a considerable extent. During wet years, 
moisture held above the slowly retreating seasonal frost can cause temporary over 
saturation of soils. The temperature of 10°C does not penetrate below 30 cm 
depth. 

The thawing of soils begins in the first week of April and proceeds slowly. At 
100 cm deep, thawing occurs only in mid- and sometimes late June. The thawing 
accelerates in July, and the soil thaws to a depth well below the soil control sec- 
tion. The maximum temperature at 100 cm is 6.6°C. 

4.7.2. Permafrost-swampy soils (Gelic Gleysols) 

Permafrost-swampy soils (Gelic Gleysols) occur in the narrow intermontane and 
river valleys of the forested part of Mongolia. Here, there are no thick peat layers. 
At their boundary with the steppe zone, these soils are slightly saline at the sur- 
face. 



4.8. Near springs and saline depressions around drying 
saline lakes in the steppe belt 

Permafrost-affected soils of steppe territories generally occur only on saline soils 
occurring in depressions in the northern half of Mongolia. They often surround 
ephemeral saline lakes, under which permafrost is present, often within 200 cm of 
the surface. These are the areas occupied by the Permafrost solonchaks-solonetzes 
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(Gelic Solonchaks, Gelic Solonetzes). In some places, frost mounds and thermo- 
karst widely developed. 

On September 13, 1975, permafrost was found to occur in the profiles of such 
soils at depths of between 169 and 238 cm and at 170 cm under the bottom of a 
dried-up saline lake in North-East Khangay, east and northeast of Tuvshrulekh. 
These soils have a sodic salinity, which cause high pH values and high humus 
mobility, resulting in the existence in some places of horizons with illuvial humus 
at depths of 50-60 cm. The soils are moist, and ground waters are shallow. 



4.9. River flood plains 

Permafrost-affected soils also occur in river flood plains of Mongolia. Cryogene- 
sis influences the flood plain boggy and meadow soils (Geli-Saprihistic and Geli- 
Gleyic Fluvisols), including saline ones, in the peripheries of the flood plains of 
the rivers in the northern part of Mongolia. 



5. Conclusion 

The mountainous relief and strongly continental climate result in the deep winter 
freezing of soils and the wide distribution of cryogenic soils in Mongolia. Perma- 
frost can occur at high mountainous elevations, under forests on north-facing 
mountain slopes, and under meadow and wetlands in high elevation intermontane 
and river valleys. In the northern half of Mongolia, permafrost-affected soils 
sometimes occur in landscape depressions with additional moistening and accu- 
mulations of salts. 

Mostly, cryogenic soils of Mongolia correlate as WRB Gelic lower level units, 
and only imperfectly drained taiga soils meet the criteria of the Cryosol soil order, 
wherein permafrost must occur within 100 cm of the soil surface. Five soil regions 
exist in Mongolia, based on the percentage of the landscape occupied by perma- 
frost-affected soils and paleocryogenic features. 
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1. Introduction 

Permafrost is defined as a thickness of soil or other superficial deposit, even bed- 
rock, that remains frozen for consecutively two years or more (Muller, 1947). 
Permafrost, or perennially frozen ground, underlies 2.15x10^ km^ or 22.4% of the 
territory of China (Qui and Cheng, 1995) and can be divided into two broad cate- 
gories, high-latitude permafrost in northeastern China (0.38x10^ km^) and high- 
altitude permafrost in the Qinghai-Xizang Plateau and some alpine regions in 
western and eastern China (1.76x10^ km^) (Figure 2.11.1). The total area of soils 
affected by permafrost in China is third in the world, after Russia and Canada, but 
the area of high-altitude perennially frozen soils is the largest in the world. 



2. Periglacial Environment in China 

2.1. High-latitude permafrost region 

The high-latitude permafrost occurs mainly in the Da Hinggan and Xiao Hinggan 
Mountains in Northeast China between Lat. 46^10' and 53®30' N., and Long. 
115^30' and 126^30' E. (Figure 2.11.1). Moderately low mountains with gentle 
slopes and terraces characterize the landscape. The area includes three zones (Ta- 
ble 2.11.1) (Gu et al., 1992; Liu etal., 1993). 




276 



Chien-Lu Ping, Qui Guoqing, and Zhao Lin 



70* go'’ 90“ t00“ 110“ 120* 130“ 140* 




Figure 2.11.1. Schematic map showing types and distribution of Cryosols in China. (The 
Cryosols are defined as soils having permafrost within Im or 2m, with cryoturbation fea- 
tures.) 

Zone I, commonly called the Amur Area, is the northernmost and is underlain 
with continuous permafrost. Here, the river valleys are broad with scattered wet- 
lands, and thick tussock and mosses occur in the valley bottoms where permafrost 
thickness ranges from 60 to 80 m and massive ground ice is common (Shi, 1993). 
On the south-facing slopes, soils are thin and vegetation is scarce; permafrost is 
poorly developed, with thickness ranging from 0 to 20 m. The periglacial phe- 
nomena include solifluction sediments and terraces, hummocks, sorted circles, 
asymmetrical valleys, and active and inactive block fields. Some cryoturbated 
Cryosols are to be expected in this zone. 



Table 2.11.1. Soil environment of areas with high- latitude permafrost in northeastern 
China (Liu et al., 1993; Shi, 1993). 



Perma 

-frost 

Zone 


MAAT, 

“C 


MAP 

mm 


Max. thaw, 
m 


Perma- 

frost 

thickness, 

m 


Perma 

frost 

% 


Ground 
Temp., ®C 


FFD days 


I 


-2.1 to -6.3 


440 


2.0-4.0 (S) 


0-20 


65-75 


Oto 1.0 


<90 








0.5- 1.2 (V) 


50-150 




-2.0 to -4.2 










1.0- 1.5 (N) 


20-50 




-1.0 to -2.0 




II 


-2.0 to-4.0 


440 


1. 0-2.0 


20-50 




-1.5 to -3.0 


90-110 


III 


-2.0 


440 


2.0-3.0 


5-20 


5-20 


-1.0 toO 


110-130 



S: south-facing slope, V: valley, N; north-facing slope, FFD: frost-free days. 
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The mean annual air temperature (MAAT) ranges from -2.1 to -6.3°C, with a 
mean of -4.7°C, and the mean annual soil temperature (MAST) ranges from -3 to 
-1 ®C. The mean annual precipitation (MAP) is 440 mm, with most falling be- 
tween May and September. The active layer in this region ranges from 0.3 to 1 m 
thick in the lowlands and 1 to 3 m in the uplands. 

To the south of Zone I, Zone II occupies the rolling hills and discontinuous 
permafrost underlies it. The MAAT is approximately -3.0^’C, and MAST ranges 
from -1.5 -1.0°C. Frost- free days range from 90 to 110. The depth of active layers 
generally ranges from 1 to 2 m. 

Zone III lies further south and west of Zone II and has sporadic permafrost. 
The MAAT is -2.0®C, and the active layer is generally too deep for the soils to be 
considered Cryosols, except for some isolated permafrost in the wet lowlands. 



2.2. High-elevation permafrost regions 

2.2. 1. Plateau permafrost region 

The permafrost region on the Qinghai-Xizang Plateau is the highest and largest 
plateau in the world, with an area of 1 .54x10^ km^ and mean elevation above 4000 
m (Shi, 1993; Li and Cheng, 1996). It borders the Kunlun Mountain to the north, 
the Yarlung Zangbo River to the south, the Anyemaqen Mountain and Bayen Har 
Mountains to the northeast, the Gandes Mountain to the west, and the Hengduan 
Mountains to the east. The plateau is relatively flat and broad, with high moun- 
tains around it, and the Nienqing Tangula Mountains, run east to west in its mid- 
dle. This high elevation produces a severely cold and dry periglacial environment 
for the development of permafrost and cryogenic soils. The region has strong so- 
lar radiation and wide diurnal temperature fluctuation. Table 2.11.2 describes the 
physical environment of the plateau permafrost region. 



Table 2.11.2. Soil environment of Alpine and Plateau Permafrost Regions in China. 



Region 


Lat. 

°N. 


Lower 
limit, m 


MAAT 

"C 


MAGT 

"C 


MAP 

mm 


MAEP 

mm 


Aridity 


Alpine Permafrost 














Altay Mts. 


46-49 


2200-2800 


-5.4 to -9.4 


0 to -5.0 


500-800 






Tianshan 


41-43 


2700-3300 


-5.4 to -9.0 


-0.1 to -0.6 


600-1000 






Mts. 
















Qilian Mts. 


36-40 


3400-5000 


0 to -2.0 


-0.6 to -2.3 


400-800 






Hengduan 


29-30 


4600-4900 


-3.2 to -4.9 




500-1000 






Mts. 
















Himalaya 


28 


5100-5300 


-5 to -6 


0 to -40 


300-800 




>3 


Mts. 
















Kunlun Mts. 


34-36 


4700-4900 


-3 to -7 


0 to -30 


200-600 




>15 


Plateau Permafrost 














Continuous 


28-35 


3800-5500 


-2.5 to -6.5 


-1.0 to -3.5 


200-500 


1800- 


6-35 


permafrost 












3000 




Sporadic 




3700-4500 


-0.8 to -2.5 


0 to -1.5 


400-600 


1400- 


2-15 


(isolated) 












2000 





Qiu and Cheng, 1995; Tong et al., 1985; Zhou et al., 2000. 
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Since the Pleistocene, the plateau has been rising steadily and the climate has 
become drier and colder. Periglacial processes are very active, and periglacial 
phenomena are well developed (Shi, 1993; Gao et al, 1985). The most common 
periglacial landforms are block fields, stone streams, stone stripes, debris slopes, 
frost cracks, polygons, hummocks, icings, involutions, thermokarst slumps and 
settlements, gelifluction lobes, and thermokarst lakes. Some of these features are 
good indicators of cryoturbated soils and Cryosols. 

The vegetation changes from forest in the eastern and southeastern parts of the 
plateau, to grassland dominated by Kobresia spp. interspaced with shrublands in 
the southeast of Xizang and east Qinghai, to alpine steppe in the northwestern part 
of the plateau, and to alpine cold desert in the northern fringe and some isolated 
ridges on the plateau (Gao et al., 1985). 

2.2.2. Alpine permafrost regions 

The alpine permafrost occurs in the high mountains rather than on high plateaus. 
Alpine permafrost exists mainly in the Altay, Tienshan, Qilian, Kunlun, Heng- 
duan, and Himalayan Mountains in western China and in isolated localities in 
eastern China. Altitude is the controlling factor in the formation and development 
of alpine permafrost; thus there is a clear vertical zone of permafrost and soils 
(Qui and Cheng, 1993). 

Since the latitude and environment of different mountains vary, the characteris- 
tics of alpine permafrost and the lower limit of permafrost and Cryosols in differ- 
ent mountains also vary. Table 2.11.2 describes the physical environment of the 
alpine permafrost regions. 

2.2.2. 1. Altay Mountains 

The Altay Mountains stretch from northwest to southeast along the boundary be- 
tween China and Russia and between China and Mongolia, with elevation ranges 
from 1000 to 4300 m. Most of the ridges are composed of metamorphous rocks, 
gneiss, and sedimentary rock of Paleozoic age. The discontinuous permafrost ex- 
ists at elevations from approximately 2800 m to the base of glaciers at 3100 m 
(Tong et al., 1983; Qiu and Cheng, 1993). Permafrost can be up to 400 m thick. 

The climate at these elevations is cold and humid. MAAT is -9.4®C, and MAP 
ranges from 600 mm in the east to 800 mm in the western part of the region. Snow 
cover is more than 1 m deep and is continuously present through the winter. The 
area has tundra vegetation. 

The sporadic permafrost zone extends to lower elevations from 2200 to 2800 m 
(Tong et al., 1983). The climate here is also cold and humid. The MAAT ranges 
from -5.4 to -6.8®C, and MAP is about 500 mm. Snow depth ranges from 1.5 to 
2.5 m and stays throughout the winter. The depths of the active layer are <lm un- 
der peat, 0.9- 1.6 m in loamy soils, and >1.9 m under sandy and gravelly soils. 

Paisas with peat >2 m thick are common in this zone. Besides paisas, other 
periglacial features include earth hummocks, frost cracks, icings, sorted circles, 
block streams, block slopes, gelifluction lobes, and polygons in glaciofluvial de- 
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osits (Tong et al, 1983; Shi, 1993). The vegetation is dominantly herbs, with 
some shrubs. 

2.2.2.2. Tienshan Mountains 

The Tienshan Mountains lie across the middle of Xinjiang, stretching 1700 km 
east-west inside China. Most ridges are composed of metamorphic and igneous 
rocks. Elevation and aspect strongly affect the ecosystems and thus the soils. Gen- 
erally, the precipitation increases toward the northwest, and temperature decreases 
toward the northeast (Qiu et al., 1983). The MAP ranges from 600 mm at the for- 
est-steppe zone at 1800-1500 m, to 1000 mm at snowline, with 90% falling be- 
tween April and October. 

The lowest limit of permafrost is 2700 m on north- facing slopes and 3100 m on 
south- facing slopes, and this limit lies about 1000 m below snowline. Ground 
temperature ranges from -0.1 to -0.2®C at the lower limit, where permafrost is <20 
m thick and the active layer is 4 to 5 m deep. At the higher limit, where the 
ground temperature is about -2.0®C , the permafrost is more than 100 m thick and 
the active layer is <2 m. 

Permafrost with ground ice occurs in depressions where segregated ground ice 
in finely grained sediments forms an ataxitic fabric (a Russian geocryological 
term referring to an ice-rich mineral layer) in which ice exceeds 65% by volume. 
In wetlands, ice layers are <1 m and ice contents are >95%. The periglacial fea- 
tures include hummocks, oriented stones, sorting, stone stripes, and sorted circles. 
In the permafrost-affected zone, meadows occur at the higher elevations and the 
active layer is usually less than 2 m deep. 

2.2.2.3. Qiiian Mountains 

The Qiiian Mountains are in the northern fringe of the Qinghai-Xizang Plateau, 
with elevation ranging from 1000 to 4700 m. Here it is drier than in the Altay and 
Tienshan Mountains. The precipitation increases with elevation, from 300 to 400 
mm in the alpine steppe, to 500 mm in the forest zone and >500 mm in the alpine 
shrub. Most of the precipitation falls between June and September (Qui and 
Cheng, 1995). The annual evaporation is 1000 to 1500 mm and the aridity index 
is >2. 

The alpine shrub zone is above 3500 m and has a strong diurnal temperature 
fluctuation, up to 40 or 50®C. The vegetation consists mainly of Caragana jubata 
and some junipers. 

The forest zone is above 2800 to 3000 m and has a cold and humid climate 
with diurnal temperature fluctuations ranging from 30 to 35®C. The MAAT ranges 
from 0 to -2.0°C. The forest consists of Picea crassifolia and Firms tabulaeforms, 
with patches of grassland. The depth of the active layer ranges from 1 to 2 m. 

The alpine steppe is below the forest zone and has sporadic permafrost at 
depths below 2 m. 
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2.2.2.4. Kunlun Mountains 

The Kunlun Mountains lie at the northern fringe of the Plateau. The north slopes 
and the higher part of the south slopes are cold desert. Permafrost occurs at eleva- 
tions ranging from 4000 to 5500 m. Periglacial phenomena include block fields, 
hummocks, and rock glaciers (Shi, 1993). 

The climate of this region is cold and arid. The MAP ranges from 200 to 600 
mm. The MAAT ranges from -3 to -TC, and MAST ranges from 0 to -3°C. Vege- 
tation is dominantly scattered shrubs in the alpine desert and grasses in the alpine 
steppe. 

2.2.2.5. Henaduan Mountains 

The Hengduan Mountains are on the east- and the north-facing slopes of the Hi- 
malayas to the south of the plateau, at elevations ranging from 4600 to 4900 m 
and 5000 to 5500 m, respectively. Isolated permafrost exists in these regions, and 
common periglacial features include hummocks, rock glaciers, gelifluction lobes, 
and sorted circles (Shi, 1993). 

This region has a cold and humid climate because it receives seasonal storms 
from the southeast. The MAAT ranges from -2 to -6®C, and MAST ranges from 0 
to -3.0®C. The MAP ranges from 500 to 800 mm. Vegetation consists mainly of 
Kobresia spps and shrubs. 



3. Cryosols in the Chinese and other Soii Ciassification 
Systems 

The term Cryosol in this chapter is used synonymously with the Cryosol order in 
the Canadian soil classification system (Agriculture Canada Expert Committee on 
Soil Survey, 1987), the Gelisol order in Soil Taxonomy (Soil Survey Staff. 1999), 
the Cryosol units in the World Reference Base for Soil Resources (WRB) system 
(FAO, 1998), and the permagelic taxons of different soil orders in the Chinese soil 
taxonomic system (Gong, 1995). The definitions and classification systems of 
Cryosols all are based on the presence of gelic materials (Bockheim et al., 1997) 
but differ according to the thickness of the active layers. 

It is important to introduce the definitions in each system for cross-reference 
and correlation purposes. In the following discussion of the distribution of 
Cryosols in China, ST indicates classifications according to Soil Taxonomy, CST, 
Chinese soil taxonomy, CAN, the Canadian system, and the WRB nomenclature 
appears after the taxonomic units. 



3.1 . Chinese system 

In the Chinese soil classification system (Gong, 1995), the hierarchy includes or- 
der, suborder, great group, and subgroup. Soil order is based on the dominant soil- 
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forming process. The suborders are differentiated based on soil climates. Great 
groups are differentiated based on soil profile characteristics, and the subgroups 
are differentiated based on accessory features. 

The revised Chinese soil classification system adopted the quantitative meas- 
ures of Soil Taxonomy and thus the definitions are parallel to Soil Taxonomy 's. In 
the Chinese soil taxonomic system (Gong, 1995), the formative element per- 
magelic is defined as ’’having permagelic soil temperature or having permafrost 
layers within 200 cm of the soil surface.” The permagelic soil temperature regime 
(STR) is soil temperature perennially at or lower than 0®C. The gelic STR is the 
mean annual soil temperature (MAST) < O^C. 

In the Chinese system, permagelie STR and permafrost layers within 2 m are 
recognized at the suborder level of Histosols, great group level of Cambisols, and 
subgroup level of Entisols. In Gleysols, only the gelic suborder is recognized. 

3.2. Canadian system 

In the Canadian soil elassification system, the Cryosolie Order includes both min- 
eral and organic materials having permafrost either within 1 m of the surface or 
within 2 m if more than 1/3 of the pedon has been strongly cryoturbated, and they 
have a MAST <0T. 

In Soil Taxonomy, permafrost-affected soils key out in the Gelisol Order, which 
includes both mineral and organic soils having permafrost within 100 cm of the 
soil surface or having gelic materials (Bockheim et al., 1997) within 200 cm of the 
soil surface. 



3.3. WRB 

In the WRB system (FAO, 1998), Cryosols are mineral soils that contain one or 
more cryic horizon(s) within 100 cm of the soil surface. Organic soils with perma- 
frost key into Cryic Histosols. Cryic horizons include those that are perennially 
frozen, ice-cemented or dry, and cryoturbated. Cryosols are differentiated into 
“soil units” based on characteristics of the soil profile. 



4. Descriptions of Cryosois in China 

4.1. High-latitude Cryosols 

In China, high-latitude Cryosols exist mainly in the northeast area south of the 
Amur River to the slopes of the Da Hinggan Mts., which run northeast to south- 
west, and the Xiao Hinggan Mts., which run northwest to southeast (Figure 
2.11.1). The distribution of Cryosols in this region shows the effects of both lati- 
tude and altitude. The latitude ranges from 46^30' N. to 53M0’ N, and the eleva- 
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tion ranges from 600 m in the valleys of the northern part to mountains up to 2000 
m in the south part. Slope aspect also plays an important role in the distribution of 
soil types. 

4.1.1. Boreal forest regions 

In the zone of predominantly continuous permafrost, Cambisols dominate upland 
slopes. These soils previously were called Podzolized Brown Conifer Soils 
(Zhang, 1986), Brown Conifer Forest soils (NSSI, 1976), and Cryic Brown Soils 
(Zhao et al., 1993). They formed under mixed conifer forest of Pinus pumila and 
Larix gmelinii with Sabina davuvicus, Juniperus spp., Arctous alpinus, Empetrum 
nigrum, and Betula exilis as understory. Generally, the podzolized brown soils are 
more concentrated on the north-facing slopes in the Amur River region. 

A typical profile sequence is Oi-Oe-A-Bw-BC-CR. The organic horizon is 
generally <15 cm thick, overlying a thin A horizon followed by cambic horizons. 
The solum ranges from 40 to 60 cm thick. The Bw, BC, and C horizons are either 
gravelly or very gravelly. Under the conifer forest, the A horizon may turn into a 
weakly developed E horizon. 

Since most of the parent materials are acidic or leached under the conifer for- 
est, the soils are generally acidic with a base saturation <50%. Most pedon data 
does not include information related to the depth of the active layer and to cryo- 
genic features. Based on geotechnical and meterological data, the upper limit of 
permafrost is within one meter of the soil’s surface (Zhang, 1986; Guo et al., 
1993). Thus these soils key out as Permagelic Gelic Cambisols (CST). 

In other classification systems, these soils may be classified as Typic Haplorth- 
els or Histic Haplorthels (ST), Orthic Dystric Static Cryosols or Histic Dystric 
Static Cryosols (CAN), and Haplic Cryosols (WRB). 

Under forest cover and continuous organic layers, cryoturbation is not common 
on the upland slopes, although solifluction occurs in places. These soils have a 
brownish hue, and the organic carbon content in A horizons ranges from 6 to 9% 
and in Bw ranges from 2 to 4%. According to the US and the Canadian systems, 
these soils key out as Umbrorthels and Static Cryosols, respectively. 

Saturation caused by a perched water table above the permafrost creates a zone 
of reduction and results in redoximorphic features, such as mottled or gleyed hori- 
zons. If the reduced zone is below 25 cm, then soils key out as Aquic Umbrorthels 
(ST). But on convex slopes with fractured bedrock less than 50 cm, the soils key 
out as Lithic Umbrothels (ST). 

Zhang (1986) also reported podzol-like soils in this region. Thus, in the WRB 
system, most soils are Umbric Haplic Cryosols, but some may be in the Spodic 
Haplic Cryosols units, and some are Lithic and Aquic Haplic Cryosols. 

4.1.2. Lowlands 

In the lowlands, common vegetation includes Betula fructicosa, Salix spp., Vac- 
cinium uliginosum, Carex spp., Cassandra spp., md Deyeixia spp (Zhang, 1986). 
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Poorly drained soils are classified as Gleysols, and those with Gelic and colder 
STR key into the Gelic suborder (CST). Generally, Gelic Gleysols form on con- 
cave slopes or at the footslopes below the Cambisol zone. A permagelic suborder 
should be introduced to include those having permafrost within 1 m. 

There are two great groups of Gelic Gleysols, Histic and Entic. In other sys- 
tems, they are classified as Typic Historthel (ST), Histic Dystric Static Cryosols 
(CAN), and Gleyic Haplic Cryosols (WRB). 

Previously classified as Bog Soils (NSSI, 1976), the Histosols exist mainly in 
the lowlands of the Da Hinggan Mts. and on terraces with elevations ranging from 
600 to 1000 m. 

Zhang (1986) described a peaty marsh soil from the Da Hinggan Mountains re- 
gion. Peat is recorded to 45 cm, and the pH (H 2 O) ranges from 4.8 in the surface 
tier to 5.4 in the bottom tier. These soils key out in the Permagelic Histosols sub- 
order (CST) and further into three great groups. Folic, Fibric, and Hemic. In the 
other classification system, these soils key into either Hemistels or Fibristels (ST), 
Fibric or Mesic Organic Cryosols (CAN), and Histic Cryosols (WRB). 

4.2. High-altitude Cryosols 

The high-altitude Cryosols can be divided into alpine Cryosols and high-plateau 
Cryosols. The high-plateau Cryosols differ from their high-latitude counterparts in 
that they form under arid and cold conditions, whereas most alpine and high- 
latitude Cryosols form under humid or sub-humid conditions. 

4.2. 1. Alpine Cryosols 

Qiu and Cheng (1993) have studied in detail the altitudinal zone of soils in the Al- 
tay, Tienshan, and Kunlun Mountains. To the north, Permagelic Histosols and 
Cambisols and Gelic Gleysols (alpine tundra soils) (CST) occur, starting at 2200 
m in the Altay Mountains, 3900 m in the Tienshan Mountains, and 4700 m in the 
Kunlun Mountains. 

The Altay Mountains are more humid; thus, Gelic Gleysols form in the tundra 
zone, and Permagelic Cambisols form under conifer forest on the north-facing 
slopes above 1800 m. In contrast, in the Tienshan Mountains, Gelic Cambisols 
and Gleysols form in the forest below the tundra zone at elevations above 3000 m. 
However, the thickness of the active layer of these Gelic great groups needs veri- 
fying. The Kunlun Mountains lie southeast of the Tienshan Mountain. Based on 
the study by Harris et al. (1998), Permagelic Cambisols are expected to form in 
the gelifluction slope deposits. 

The permafrost-affected area in the Tienshan Mts. is estimated at 63,000 km^. 
The distribution of permafrost in eastern Tienshan closely relates to elevation and 
aspect; the lower limit of permafrost on the south slope and north slope is at 2700 
and 3100 m, respectively, corresponding to the -2.0^^C isotherm (Qui et al., 1983; 
Jin et al., 1993). The MAAT ranges from -2.5 to -5.4®C (Hu et al., 1998). 
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Depths of the active layer are generally within 2 m, but the maximum thaw 
depth of some soils may reach 3 m. The MAP ranges from 220 to 470 mm, with 
three-fourths coming as snow between June and September and melting within 
days. The average snow depth in winter is about 5 mm. Thus, the ground is ex- 
posed to severe conditions in winter, and cryoturbated soils are common, as earth 
hummocks, patterned ground, polygons, and frost cracks indicate (Qui, 1993). 

Hu et al. (1998) studied soil formation along a chronosequence in the Central 
Tienshan Mts. The modem glacial deposit, at 3730 to 3740 m, is the youngest sur- 
face, about 30 years old. Soils form as isolated spots among stone and rocky mo- 
raines dominated by freeze-thaw cmst, sorted circles, and hummocks. There are 
no vascular plants, only algae and microorganisms. The biochemical weathering is 
weak, but physical weathering is strong and results in very stony, sandy textured 
soils. The soils have an A-C sequence and they key out as Permagelic Gelic 
Psamment Entisols (CST), Lithic Psammorthels (ST), Regosolic Static Cryosols 
(CAN), and Lithic Calcic Cryosols (WRB). 

The Little Ice Age deposits dated as 100 to 400 years old occur at 3650 to 3730 
m. Here the MAAT and MAST are estimated to be -6.9®C and -1.8®C, respec- 
tively. Soils on this stony surface are not continuous. Vegetation is limited to li- 
chens and mosses. The soils have a profile sequence of A-C. The organic carbon 
ranges from 0.03 to 0.05%, and the pH is over 8. Carbonates have accumulated in 
the subsurface horizon. Periglacial features, including cryoturbation, are common 
to this area. These soils key out as Calcic Permagelic Gelic Cambisols (CST), 
Aquic Haploturbels (ST), Gleysolic Turbic Cryosols (CAN), and Turbic Calcic 
Cryosols (WRB). 

The New Ice Age glacial deposits aged 2800 to 6000 years old occur at the ele- 
vation of 3400 to 3650 m. The MAAT is estimated -5.9®C, and permafrost tem- 
perature is -1.6^C. Alpine meadow vegetation, such as Kobresia and Car ex, has 
established and formed a patchy sod layer. These soils also have an A-C sequence 
and key out as Calcic Permagelic Gelic Cambisols (CST), Aquic Haplorthels 
(ST), Gleysolic Static Cryosols (CAN), and Aquic Calcic Cryosols (WRB). 

At lower elevations, from 3000 to 3400 m, soils form in glacial deposits from 
the last glaciation more than 6000 years ago. Here, Kobresia and Festuca give 
continuous ground cover and form alpine meadows. The MAAT is estimated at 
-2.5 to -3.0®C, with the permafrost temperature at -0.7 to -l.O^’C. These soils have 
a profile sequence of A-Bw-C, and carbonates have accumulated in subsurface 
horizons. They are classified as those in the 3400- to 3650-m zone. Similar soils 
also exist in the Altay and Qilian Mts areas (NSSI, 1976). 



4.3. High-plateau Cryosols 

4.3. 1. High plateau cold desert 

The high plateau cold desert exists below the snowline on the high slopes, on the 
mountains rising above the broad plateau in the Qinghai-Xizang Plateau, at eleva- 
tions ranging from 3800 in central Qinghai to 5300 m in the northern part of Xi- 
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zang, at about Lat. 34-35®N. The area is within the zone of high mountain discon- 
tinuous permafrost (Li and Cheng, 1996). 

The soils are very young, as they developed following the most recent degla- 
ciation. The climate is cold and dry. The sparse vegetation consists of Ceratoides 
compacta and some lichens. The MAAT, estimated at 3800 m, is -3 to -4®C, and 
at 4200 m is -7 to -9®C, and the MAP is 120 mm, with 80% falling between June 
and August (QARDO, 1988). The annual evaporation is >3000 mm; thus, the cli- 
mate is extremely arid and the aridity index is 23-24. 

Although the MAST is estimated <0^C based on MAAT, Cryosols are not 
likely to occur because the active layers are generally >2 m, due to strong diurnal 
temperature fluctuations, dry conditions, and coarsely textured soils. The parent 
materials consist of glacial deposits or colluvium. 

4.3.2. High plateau alpine steppe 

This is the most common vegetation association on the northwestern Qinghai- 
Xizang Plateau. This steppe system is in the northern part (south of Lat. 3T N.) of 
the Plateau, ranging from 3900 to 4300 m. The landforms are largely the result of 
alpine glaciation about 12,000 years B.P. Parent materials include glacial drift, 
outwash, and lacustrine. The parent rocks include granite, sandstone, slate, con- 
glomerate, siltstone, and limestone (QARDO, 1988). This ecosystem is within the 
continuous permafrost, and the depth of the active layer is generally >2 m (Shi, 
1993). 

Stipa purpurea, Oxytropis spp., Astragalus spp., and Leontopodium spp. domi- 
nate the vegetation in the area. The coverage ranges from 20 to 50%. This ecosys- 
tem is the most extensive in the Plateau, and it supports wildlife’s grazing. 

Based on an average of 11 meteorological stations in the Qinghai region 
(QURDO, 1988) and records from Jiangtan Plateau of Xizang (Gao et al., 1985), 
the MAAT ranges from -2 to -6®C, and MAP range from 100 to 432 mm, with 
80% falling between June and August. The annual evaporation exceeds 2000 mm. 
The aridity index is more than 20. Growing degree days (GDD) >0®C are 94, 
freezing degree days (FDD), 2012, and the days with minimum temperatures <0°C 
range from 250 to 320. 

This area also experiences strong diurnal and seasonal freeze-thaw cycles that 
have resulted in granular structures in surface horizons and reticular or platy 
structures in subsurface horizons. Thus, cryoturbation occurs in these soils. 

In most soil descriptions, the depth to permafrost was not recorded. However, 
based on permafrost maps (Shi, 1993; Li and Cheng, 1996), the active layer 
ranges from 1 to more than 3 m thick. In the gelifluction deposit in Kunlun Pass, 
Harris et al. (1998) measured the thickness of active layers ranging from 12 to 30 
cm in July at 4780 m and increasing to 1.5 to 2 m at about 4650 m. They also 
found ice-cemented permafrost in this seemingly arid environment, and the ice 
content is usually more than 30%. 

Generally, the MAAT -2°C isotherm is the lower elevation boundary of spo- 
radic permafrost, and the MAAT -3®C isotherm is the lower boundary of continu- 
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ous permafrost. Although most of this ecosystem is associated with the zone of 
continuous permafrost, Cryosols are rare. Based on a recent exploratory investiga- 
tion of soil vegetation (Ping and Murray, 2000), the soils developed under the al- 
pine steppe generally have permafrost at a depth of >2m. The soils may have a 
gelic but not permagelic STR; thus, they do not meet the definition of Cryosols in 
any classification system. 

4.3.3. Alpine meadow 

The Alpine meadow zone occupies the upland slopes on both sides of the Tangula 
Mountains, and the lowlands of the northern Qinghai-Xizang Plateau, and is in the 
zones of both continuous and discontinuous permafrost. The elevation ranges 
from 4200 to 4500 m in northeastern Qinghai and from 4500 to 4800 m in north- 
eastern Xizang. The soils formed in this zone are commonly called Matti Soils 
(NSSI, 1976; Gao et al., 1985; QUARDO, 1988). The climate is cold, semiarid to 
subhumid, with MAAT of -0.2 to -6.0°C, MAP of 300 to 400 mm, 85 to 90% of 
precipitation falling between June and September, and annual evaporation of 
>2000 mm; thus, the aridity index is greater than 10. 

Parent materials includes residuum and colluvium of granite, gneiss, sandstone, 
slate and conglomerate, glacial till, and lacustrine. The active layer is generally 
>1.5m. In addition to seasonal freeze-thaw, the area experiences strong diurnal 
freeze-thaw cycles. 

The dominant vegetation is Kobresia pyguaca, Kobresia humilis, Carex spp.. 
Polygonum, and Leontopodium nanum. The coverage is 70 to 90%. Kobresia is 
only 3 to 5 cm high but forms a dense rootmat of 5 to 10 cm. 

The well drained soils have a dense matti epipedon (Bao et al., 1995) that con- 
sists of a black Al and a dark A2 horizon, followed by a strong brown Bw and 
pale brown BC and C or CR horizons. Organic carbon content ranges from 3 to 
15% in the top 30 cm, and the pH value ranges from 5.5 to 7. The Bw horizon 
shows evidence of a cambic horizon, including the accumulation of carbonates, 
Fe, Mn oxides, humus to a lesser extent, coatings on soil particles, and well de- 
veloped reticular and fine subangular blocky structures. The strong freeze-thaw 
cycle results in frost-heaved grass mounds, frost cracks, and gelifluction lobes. 

These soils key out as Permagelic Gelic Cambisols (CST). In areas where per- 
mafrost is within 2 m with cryoturbation, these well drained soils key out as Typic 
Molliturbels (ST), Brunisolic Turbic Cryosols (CAN), and Cambisols in the WRB 
system. 

In lowlands and depressions of the Alpine Meadow zone, where drainage is 
limited, gleization features are prominent in the subsurface horizons. In the Chi- 
nese system, these soils are classified as either Histic or Haplic Gelic Gleysols, 
depending on the thickness of the histic epipedon. In the US systems, they are 
Ruptic-Histic Aquiturbels and Typic Aquiturbels, respectively. They are Gleysolic 
Turbic Cryosols in the Canadian system, and Histic or Gleyic Cryosols in the 
WRB system. Where the organic horizon is over 40 cm, the soils are classified as 
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Hemic Permagelic Histosols (CST), Typic Hemistels (ST), Mesic Organic 
Cryosols (CAN), and Histic Cryosols (WRB). 



5. Cryosols and Climate Change 

The Qinghai-Xizang Plateau has continuous records of past environment and cli- 
mate, not only in the glaciers and ice fields but also in soil profiles (QARDO, 
1988). Due to the continued rising of the plateau since the Pliocene, the region 
experienced different climates and developed different soils. Paleosols of the Ter- 
tiary and Quaternary were preserved, and the study of these soils and the pollen in 
them would provide valuable information about the past climate and environ- 
mental changes. 

In northeastern China, Qiu and Cheng (1995) used ice wedges and sand 
wedges to trace the southern boundary of permafrost, which extended to Lat. 41 to 
42° N during the coldest stage of Last Glaciation. Then it retreated northward dur- 
ing the Holocene Optimum. But ice wedges and permafrost formed in the Late 
Pleistocene still exist in the Da Hinggan Mts. (Guo and Lee, 1981). On the Qing- 
hai-Xizang Plateau, ice wedges and sand wedges of the Late Pleistocene indicate 
a severe cold climate about 15000 to 49000 YBP. 

The plateau has become warmer over the past 30 years, with an increase of 0.1 
to 0.5°C in the mean annual ground temperature (MAGT) (Wang et al, 2000). 
The northeastern part of the plateau becomes drier, whereas the rest of it becomes 
wetter (Zhao et al., in review). The matti epipedon, tom by frost heave, com- 
pounded by overgrazing, caused increased erosion. 

Since the region has areas with subhumid to semiarid environments and vegeta- 
tion similar to that during the Late Pleistocene in the Beringia, as Goetcheus and 
Birks (2001) and Hofle et al. (2001) described it, it is an ideal area for studying 
modem analogs of the Beringia during the Late Pleistocene or earlier. 



6. Summary and Conclusion 

The vast areas of permafrost-affected soils in China and the abundant information 
on these soils provide an excellent opportunity for the scientific community to ex- 
amine the current soil classification systems and to improve our understanding of 
these soils. Reviewing the current available information and comparing the differ- 
ent classification systems reveal several major issues. 

First, most of the pedon data do not include information on the thickness of ac- 
tive layers or depth to the permafrost and evidence of cryoturbation (frost churn- 
ing). This information is critical to understanding the cryogenic nature of the soils 
and their correlation with other soil classification systems. In the previous discus- 
sion, we inferred most of the active layer depths from geotechnical data; thus they 
are not site-specific. However, different agencies and some international coopera- 
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tive projects have undertaken some long-term ecological monitoring, including of 
soil temperature and soil moisture. The results will help us determine the classifi- 
cation of these soils. 

Second, although China has the third largest area of permafrost, its area of 
Cryosols is considerably smaller. In much of the Chinese literature, the term 
Cryosol (Dung’to) is synonymous with frozen ground. The depths to permafrost 
vary in the frozen ground; they must be within 2 m to meet the definition of 
Cryosols in the Chinese, Canadian, and the U.S. systems, and within 1 m in the 
WRB system. 

Third, with modification, the current soil classification systems can accommo- 
date the high-altitude permafrost-affected soils but not too well. This is because 
they ignore the most important soil-forming processes and their resultant proper- 
ties. 

The unique nature of pedogenesis in this environment is not just the presence 
of ice-cemented permafrost at depths, but also the strong diurnal temperature fluc- 
tuation. The diurnal fluctuation may reach over 25 to 40‘^C. It is hot during the day 
because of the strong solar radiation on the plateau, but the surface soils cool off 
fast and freeze at night. Thus, the freeze-thaw cycle manifests not only seasonally 
but also daily. Such daily freeze-thaw cycles move soluble salts, organic acids, 
and Fe Al-gels, and the combination of all of these in the upper horizons results in 
unique properties (Gao and Bao, 1995). 

Such properties include vesicular crust surface layers (Cao and Lei, 1995), 
mudflows, salt accumulations in the subsurface horizons, and Fe and/or Al-humus 
gel coatings on mineral grains. These properties, coupled with those from the sea- 
sonal and freeze-thaw cycles, and permafrost characteristics such as frost cracks, 
hummocks, polygons, and frost churning, present a unique group of soils that de- 
serve a separate category in both the Chinese and US soil classification systems. 
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1 . Introduction 



1.1. Area 

Antarctica, with an area of approximately 14 million km^, is the world’s largest 
continent. The Southern Ocean, which extends from about the 40th parallel to the 
Antarctic Circle at 60® S, surrounds it. The continent is roughly circular, and its 
surface rises steeply from the coast to a vast interior ice-filled plateau. 

Topographically, Antarctica divides easily into three units (Figure 2.12.1). The 
largest. East Antarctica, lies between 30®W and 150®E and rises to an altitude over 
4000 m asl. The smaller part. West Antarctica, rises to about 1500 m asl, while the 
third part, the Antarctic Peninsula, extends from the continent toward South 
America. 

The ice sheets reach the sea almost everywhere around the perimeter of the 
continent and merge into very large floating ice shelves in many places. Estimates 
vary of the area of the continent and the floating ice shelves, of the total ice vol- 
ume of Antarctica, and of the area of ice-free ground. The latest estimate (Fox and 
Cooper, 1994), based on accurate mapping and satellite imaging, replaces Bardin 
and Suvetova’s (1967) earlier estimates. It sets the total area of Antarctica, includ- 
ing floating ice shelves, at 13.9 x 10^ km^, of which 12.3 x 10^ km^ is grounded 
ice. Only 0.033 x 10^ km^, or approximately 0.3% of Antarctica, is ice-free ground 
on which soils may form. The ice-free areas are widely scattered and occur along 
the Transantarctic Mountains, around the margins of the continent, and in the Ant- 
arctic Peninsula. 
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Figure 2.12.1. The Antarctic continent, showing locations the text mentions, including the 
general location of ice-free areas, although the shading exaggerates the actual extent. 



1.2. Temperature 

Antarctica is a polar continent surrounded by an ocean, in contrast to the Arctic 
region, which is an ocean surrounded by continents. This ocean-landmass configu- 
ration largely accounts for the climatic difference between the Arctic and Antarc- 
tic regions. Antarctica is cold because it receives only a small amount of solar ra- 
diation, approximately 16% of that reaching equatorial regions, and also because 
of the high average surface elevation of the ice sheet. Since outgoing terrestrial ra- 
diation exceeds absorbed solar radiation during the year, the Antarctic continent is 
a major heat sink. 

The coldest temperatures have been recorded in the central part of the ice sheet, 
-89®C at Vostok (Figure 2.12.1) and a mean annual temperature at the South Pole 
of -49°C. Temperatures increase northward, however, and with proximity to the 
coast. At Vanda Station, near Lake Vanda in the McMurdo Oasis (or Dry Valley 
region), for example, the mean annual temperature is 20^C, and it is -18®C at the 
coastal McMurdo Station (Figure 2.12.2). Farther north, in coastal areas of East 
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Antarctica, are wanner climates (Burton and Campbell, 1980; McNamara, 1973). 
At Davis Station in the Vestfold Hills (Figure 2.12.1), for example, the mean an- 
nual temperature is -10.2®C with temperatures rising to +13^C in January, and 
Molodezhnaya and Casey (Figure 2.12.1), experience a similar temperature range. 



1 .3. Preciptation 

Mean annual precipitation over Antarctica is about 50 mm/y, with the least 
falling inland and the most in coastal regions. In the McMurdo Dry Valley region, 
precipitation over 20 years averaged 13 mm/y on a valley floor site near Lake 
Vanda and 100 mm/y in adjacent upland mountains. Precipitation is much higher 
around the periphery of East Antarctica, with 650 mm recorded at Molodezhnaya, 
in Enderby Land (MacNamara, 1975). The precipitation nearly always falls as 
snow. 




Figure 2.12.2. The ice-ffee areas of the McMurdo Sound region of Antarctica. The area of 
ice-free ground in this region is approximately 6000 km^ and is the largest contiguous area 
of ice-free ground in Antarctica. The figure also locates the soils in Table 2.12.1. 
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2. Humid Cryosols 

Because the Antarctic Peninsula extends north from the Antarctic Continent into 
the cyclonic circulation zone, the climate differs much from that of the rest of 
Antarctica. This provides the basis for distinguishing humid Antarctic Cryosols 
from arid Antarctic Cryosols, paralleling previous pedological separations of Ant- 
arctic soils into cold desert soils, for the soils of East and West Antarctica, and po- 
lar desert soils, for soils of the Antarctic Peninsula (Tedrow and Ugolini, 1966; 
Tedrow, 1977; Campbell and Claridge, 1987). 

In the Antarctic Peninsula, mean temperatures range from -1 TC at Marguerite 
Bay, toward the base of the peninsula, to -4°C at Signy Island, at its northern ex- 
tremity (Figure 2.12.1), with maxima of +9®C and +12®C, respectively. Some sta- 
tions have recorded over 100 mm annual precipitation, falling at times as either 
sleet or rain. In the maritime zone of the Antarctic Peninsula and the associated is- 
lands where warmer temperatures prevail, the soils are commonly moist, with up 
to 15% water content in the active layer of soils on King George Island, on the 
east coast of the Antarctic Peninsula (Zhu et al., 1991). 

Under these conditions, small patches of organic soils occur, formed mainly by 
debris from mosses and algae while weathering is more active. They are humid 
Antarctic Cryosols, owing to their higher organic matter contents, brunification 
processes, and greater cryic activity (Beyer et al., 1999; Blume et al., 1997). Some 
more favored parts of East Antarctica, such as those near Casey Station described 
by Beyer and Bolter (1999), also may support plant growth and carry humid 
Cryosols. 



3. Arid Cryosols 

In contrast, the arid Cryosols of the Transantarctic Mountains and the northern 
coastal regions (Bockheim, 1997; Campbell and Claridge, 1987) occur under a 
cooler and more arid climate. They have developed under the most extreme condi- 
tions for soil formation anywhere on earth, with the cold temperatures and aridity 
restricting both weathering and soil biological processes to minimal levels. Their 
defining features are negligable organic matter contents and cryic movement, very 
low moisture contents, accumulation of soluble salts in salic horizons, and pro- 
gressive reddening with increasing age. 



3.1. Distribution 

Arid Cryosols occur mostly along the Ellsworth Mountains and Transantarctic 
Mountains and in Victoria Land (Figure 2.12.1) and, to a much lesser extent, in 
isolated areas around the fringe of eastern and western Antarctica. Since they 
cover an area of only about 35,000 km^, their distribution is obviously sporadic. 
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The largest contiguous area of the soils, about 6,000 km^, is in the Dry Valleys on 
the eastern margin of McMurdo Sound (Figure 2.12.2). 

Numerous authors have investigated the arid Cryosols since the 1950s 
(Markov, 1956; Ugolini, 1963; Tedrow and Ugolini, 1966; Claridge, 1965; 
McCraw, 1967; Campbell and Claridge, 1966, 1969, 1975, 1978, 1987; Claridge 
and Campbell, 1977, 1984; Everett, 1971; Bockheim, 1977, 1979, 1982). These 
investigations were aimed primarily at understanding the nature of soil genetic 
processes in this extremely cold and arid environment and also at determining the 
significance of pedogenic features in respect to Antarctic landscape formation and 
glacial history. More recently, attention has focused on environmental and ecosys- 
tem relationships and concerns about human impact (Campbell et al., 1994, 1997a, 
1997b, 1998a, 1998b, 1998c). 

Because of the soils’ wide distribution in small areas around the Antarctic con- 
tinent, no one has tried to show major or significant pedological distinctions on a 
continental scale through soil maps. The only significant soil map published 
(Scale 1: 63360) is for a portion of Taylor Valley in the McMurdo Sound region, 
with units that are essentially lithologic (McCraw, 1967). 



3.2. General properties and pedological distinctions 

Because of the severe environmental conditions, soil weathering is minimal. The 
two main pedological processes, oxidation and salinization, are responsible for the 
main physical differences in the arid Cryosols. Soil moisture levels and the or- 
ganic regime are also important attributes. 

Soil oxidation takes the form of the very slow release of iron oxides from min- 
eral particles and a gradual reddening and progressive increase in oxidation depth 
over time. Since land surfaces are extremely stable, with some surfaces and soils 
dating to the Miocene (Campbell and Claridge, 1978; Denton et al., 1993), the 
soils on the oldest surfaces have the greatest degree of oxidation. Chemical weath- 
ering and mineral alteration are at minimal levels and are generally insignificant. 

Salinization, or the accumulation of salts in the arid Cryosols, is widespread 
and results from the high evaporation rates, which typically exceed precipitation. 
The salts in the soils predominantly come from atmospheric transport. There are 
clear geographic and climatic differences in soil salt content and age-related dif- 
ferences in salt abundance (Claridge and Campbell, 1977; Campbell and Claridge, 
1987). Salt accumulation is essentially linear with time (Bockheim, 1979). 

Soil moisture content is another property by which the arid Cryosols can be 
separated. Balks et al. (1995), Campbell et al. (1997a, 1998a), and MacCulloch 
(1996) have investigated the thermal regimes and moisture content of soils in the 
McMurdo Dry Valley region and showed that water contents of the active layer 
here average from around 5% to 1% during the brief 6-week summer. Ice- 
cemented permafrost with higher moisture content typically underlies the active 
layer, but the permafrost is commonly dry-frozen in soils that have a very low ac- 
tive-layer moisture content. 
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A distinguishing feature of the arid Cryosols is the absence of a significant or- 
ganic regime. Soil biological occurrences are negligible and generally consist only 
of discontinuous populations of bacteria, fungi, yeasts, protozoa, or algae. These 
are more common in warmer and more moist sites. Higher plants are restricted to 
sporadic lichen and small patches of mosses, usually a few square meters in area 
alongside summer melt water flows. 



3.3. Subdivisions of arid Cryosols 

In spite of the extreme conditions under which arid Cryosols form, they do show 
clearly recognizable regional geographic and pedologic distinctions related, essen- 
tially, to differences in landform age and climate. 

3.3.1. Weakly developed arid Cryosols 

Almost all the landforms are of glacial origin. Thus Antarctic glaciation, with its 
associated sequences of glacial deposits, has greatly influenced soil distribution. 

Antarctic glacial history has been complex and largely involves the interaction 
of the East and West Antarctic Ice Sheets and also the Alpine Glaciers over a very 
long time. In most coastal areas and low altitude valley surfaces, soil-forming sur- 
faces have been exposed as a consequence of retreat of ice from a maximum 
reached at the height of the last glaciation (Wisconsin or Ross Glaciation). Camp- 
bell and Claridge (1975) described the soils on these younger surfaces as weather- 
ing stage 1 soils (<50,000 yrs), essentially unweathered. 

3.3.2. Well developed arid Cryosois 

Land surfaces typically increase in age with increasing altitude, and some high al- 
titude glacial surfaces have remained ice-free for a very long time. The oldest soils 
and those showing the greatest degree of development occur on these high altitude 
surfaces. They are believed to be of Pliocene to Miocene age (Campbell and 
Claridge, 1978; Denton et al., 1993; Marchant et al., 1993). Campbell and 
Claridge (1978) described them as belonging to weathering stage 5. 

Well developed arid Cryosols occur in inland parts of the Transantarctic Moun- 
tains bordering the East Antarctic Ice Sheet. They are distinguished by their yel- 
lowish brown or red (lOYR 5/4, 2.5YR 3/6) colors, by soil oxidation which may 
extend to depths of more than 75 cm, and by the accumulation and segregation of 
soluble salts into a salt horizon. Paleosols are not uncommon and frequently have 
the same features of the surface soil, including a salt horizon. 

Soils intermediate in development between the weakly developed arid Cryosols 
and the strongly developed arid Cryosols commonly occur on intermediately aged 
glacial surfaces. 
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3.3.3. Arid Cryosols with salt horizons 

Climate exerts a strong influence on the properties and distribution of the arid 
Cryosols through factors which govern both salinity and soil moisture levels. The 
composition of the salts in the soils depends on their transport pathways; most of 
them come from the atmosphere 

In coastal regions, for example, sodium chloride dominates the soil salts, and 
the ions present are in the same ratio as in sea water, reflecting an origin from 
coastal air masses. Farther inland, precipitation contains less chlorides, and the 
proportion of sulphate increases, while chloride is absent. Ions present include 
sulphate, nitrate, and iodate, derived via stratospheric transport. 

Because the soils inland are generally older, they often have thick salt horizons. 
In the younger soils near the coast, salt horizons are seldom present. The arid 
Cryosols therefore can be distinguished geographically by the extent of develop- 
ment of the salt horizon as well as by the composition of the salts present. Figure 
2.12.3 shows a typical arid Cryosol. 



3.4. Soil moisture distinctions 

Soil moisture is an important climate-related feature of the arid Cryosols, and 
geographic distinctions reflect soil moisture levels (Campbell et al., 1969, 1997a). 

In coastal regions, which are at low altitudes, temperatures are warmer and pre- 
cipitation is greater than elsewhere, moisture contents of the active layer are 
higher than elsewhere, and ice-cemented permafrost is commonly present around 
60-70 cm deep. In inland regions at higher altitudes, temperatures are much lower 
and the moisture contents of the active layer are significantly lower. The perma- 
frost occurs at much shallower depths, sometimes less than 10 cm, and it is often 
dry-frozen with insufficient moisture present to cement the soil. 



3.5. Organic distinctions 

Because of the extremely low levels of biological activity, only in few places may 
soils contain more than a trace of organic matter. Mosses only grow in small 
patches of a few square meters or less — ^typically, salt free, moist situations adja- 
cent to ephemeral streams in coastal regions. Their roots may penetrate 2 to 3 cm 
into the, soil but accumulations of organic material are rare. Accumulations of al- 
gal material into mats sometimes occur, but there is little evidence of organic 
transformations. 

The most significant organic accumulations are those associated with penguin 
rookeries, estimated to cover around 20 km^ (Claridge et al., 1999). The organic 
material is derived from excreta and dead animals and in places has built up to 
depths of several meters, with evidence of decomposition (Campbell and Claridge, 
1966; Spier and Cowling, 1984). Apart from their high organic content, the soils 
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are characterized chemically by their very high nitrate and phosphate concentra- 
tions. 
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Table 2.12.1. Proportion of fine earth, moisture content, pH, and soluble salt content and 
calcium, sodium, chloride, and nitrate contents of water extracts of three soils from the 
McMurdo Sound region of Antarctica (classification according to Soil Taxonomy). 



Depth, 

cm 


Color, 

Munsell 


<2 mm, 
% 


Mois- 

ture 

Wt 

% 


pH 


Salts 

Wt 

% 


1 Ca 


Na 


Cl 


SO 4 


1 


meq./lOOg fine earth 




Soil A, Marble Point, altitude 100 m, M. A. T. -WC (est), Pptn 150 mm 


(est) 








Glacic Haplorthel, ice-cemented below 65 cm. 














4-0 


5Y 6/3 


25 


0.5 


9.8 


1.6 


0.05 


26 


24.2 


0.10 


0-27 


5Y 6/3 


46 


3.5 


9.7 


0.09 


0.05 


1.0 


1.00 


n.d. 


27-48 


5Y6/3 


44 


4.3 


9.9 


0.11 


0.05 


1.4 


1.00 


0.02 


48-65 


5Y 6/3 


55 


5.9 


9.9 


0.17 


0.05 


2.0 


1.30 


0.01 


65-80 


5Y 6/3 


54 


15.2 


9.7 


0.28 


0.10 


1.4 


1.00 


n.d. 


80-95 


5Y6/3 


73 


67.2 


9.6 


0.32 


0.10 


1.1 


1.00 


n.d. 


95-110 


5Y6/3 


80 


20.9 


9.0 


0.03 


0.20 


2.9 


3.00 


n.d. 


Soil B, Wright Valley, Altitude 460 m. 


M.A.T. -2TC (est), pptn 50 mm (est) 








Salic Anhyorthel, dry frozen permafrost at 40 cm. 














0-5 


2.5Y 6/4 


57 


0.9 


8.9 


3.0 


8.1 


1.7 


14.5 


0.5 


5-6 


2.5Y 6/4 


n.d. 


1.3 


7.7 


45.1 


15.6 


1090 


1500 


4.0 


6-20 


lOYR 5/4 


64 


1.0 


7.9 


21.6 


5.3 


278 


249 


14.0 


20-40 


2.5Y 5/4 


64 


1.0 


7.9 


13.8 


4.0 


171 


303 


9.5 


40-60 


2.5Y 5/4 


65 


1.0 


7.8 


6.1 


3.3 


63 


63.5 


5.0 


60-100 


2.5Y 5/4 


65 


1.2 


8.7 


1.2 


1.8 


11 


8.3 


0.5 


Soil C, Quartermain Range, altitude 1200 m, MAT -30°C (est), Pptn. <50mm (est) 








Nitric Anhyorthel, dry frozen permafrost at 20 cm. 












0-4 


lOYR 5/4 


63 


4.6 


6.8 


1.7 


14.4 


24 


10.4 


8.5 


4-10 


lOYR 5/4 


96 


13.0 


7.9 


9.2 


10.7 


315 


56.3 


10.5 


10-16 


lOYR 5/6 


70 


2.5 


7.9 


23.3 


2.1 


1250 


45.8 


1082 


16-27 


2.5Y 6/6 


73 


3.4 


7.6 


5.9 


4.0 


188 


49.7 


148 


27-65 


2.5Y 6/4 


63 


2.9 


7.7 


6.6 


30.1 


144 


53.6 


85 


65-76 


lOYR 6/4 


82 


0.6 


8.0 


6.8 


36.2 


125 


32.4 


117 


76-82 


2.5Y 7/4 


60 


4.1 


7.8 


6.1 


24.1 


87 


29.0 


77 


82-100 


2.5Y 7/4 


75 


3.4 


7.5 


1.5 


7.5 


37 


25.7 


26 



n.d. not detected, MAT mean annual temperature, pptn precipitation. 



3.6. Classification 

Other chapters of this book discuss the classification of the arid Cryosols. They all 
fall within the Gelisol order of Soil Taxonomy (Soil Survey Staff, 1998). Table 
2.12.1 presents representative analyses of three soils, covering the range of arid 
Cryosols. The warmest and most moist soil, on the McMurdo Sound coast at Mar- 
ble Point, is a Glacic Haplorthel. At the extreme of aridity and age is a Nitric An- 
hyorthel, an old soil at high altitude 



4. Conclusions 

The arid Cryosols occur on most of the ice-free ground in eastern and western 
Antarctica, but they cover only a tiny portion of the Antarctic continent. Their 
widely scattered distribution is a function of the glacial history of Antarctica, 
which extends from Miocene or older times. 
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Although the arid Cryosols form under a climate dominated by extreme cold 
and aridity, the very slow rates of weathering that have occurred over extraordi- 
nary lengths of time have produced recognizable pedological distinctions. Soils of 
different regional climates and ages show different characteristics. 

Although no systematic mapping exists, research has produced considerable 
data about the nature and distribution of the arid Cryosols, the pedological proc- 
esses operating on them, and their significance in relation to the environment and 
the evolution of the Antarctic landscape. 
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1 . Introduction 

Central Siberia is a vast area (about 4,000,000 sq. km) between the Yenisei and 
Lena rivers. It stretches from Cape Chelyuskin (77°43'N, 104°18'E) in the north to 
the foothills of Eastern Sayan, Baikal, and the Stanovoi ridges (52°N) in the south. 
This chapter also considers the mountainous Trans-Baikal region, to the southeast 
of Central Siberia, which usually is included in the physiographic province of the 
Southern Siberian Mountains. 

The Russian Tsar Peter the Great initiated the exploration of Central Siberia in 
the first quarter of the 18th century. Peter Chichagov, who investigated the Yeni- 
sei River valley in 1725 to 1730, obtained the first data on the western margins of 
the Central Siberian Plateau. 

In the 1840s, the expedition of the Russian Emperor Academy of Sciences, 
headed by Alexander von Middendorf, explored the Taimyr Peninsula, in particu- 
lar, the Byrranga Ridge (1843). 

The Department for Peoples’ Migration initiated the soil survey in Central Si- 
beria in 1907 to 1914. In the Soviet period, it continued under the aegis of the 
Commission on the Study of Productive Forces of the USSR. Konstantin D. 
Glinka (1912, 1927) summarized the results of these expeditions. Along with gen- 
eral data on soil geography , the researchers studied the impact of cryogenic proc- 
esses and permafrost conditions on the soils (see Section 1). 

In spite of new factual data obtained during these expeditions, classification de- 
cisions for Siberian soils mostly were extrapolated from the European part of Rus- 
sia, and the list of soil types was relatively short (Tundra soils in the tundra zone. 
Podzolic soils in the taiga zone. Gray Forest soils and Chernozems [or Meadow- 
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Chemozemic soils] in the forest-steppe and steppe zones, respectively, with inclu- 
sions of Mucky-Calcareous soils in the areas of calcareous rocks). Because the 
morphology and properties of Siberian soils do not meet the diagnostic criteria of 
corresponding soil types, the qualifiers “weakly,” “crypto,” or “latent” often were 
applied with soil names, e.g., weakly or cryptopodzolic soils, weakly or cryp- 
togley soils, etc. 

In the 1950s, it became clear that the soils of Central Siberia have a lot of spe- 
cific regional features. O.V. Makeev (1959) proved that Podzolic soils are not 
typical of taiga environments in the south of Central Siberia. He described the type 
of Soddy Taiga soils and explained the absence of podzolization in them by the 
richness of parent rocks in weatherable minerals. V.G. Zol’nikov (1954, 1965) de- 
scribed the type of Palevye (Pale) metamorphic soils without podzolization in the 
taiga zone. 

I.P. Gerasimov (1963) advanced a concept of genetic specificity of Siberian 
soils and explained it by the continentality of Siberian climate and widespread 
permafrost. I. A. Sokolov and T.A. Sokolova (1962) suggested that the degree of 
genetic specificity of soils in permafrost-affected regions depends on soil texture. 
Well drained, coarsely textured mesomorphic soils with “dry” or low-ice perma- 
frost should be categorized separately from poorly drained, finely textured hydro- 
morphic soils with ice-rich permafrost. Thus, soil science should characterize 
permafrost-affected territories as a series of zonal soil types. 

In the 1960s and 1970s, a lot of new soil names appeared on soil maps of Cen- 
tral Siberia. At present, the soil cover of Central Siberia is well known. The Soil 
Map of the Russian Federation, 1:2.5 M scale, presents its main features. Several 
monographs describe the soils of particular regions (Gorbachev & Popova, 1992; 
Elovskaya et al., 1979; Ivanov, 1966; Koposov, 1983; Kuz’min, 1976; Krasyuk, 
1927; Makeev, 1959; Martynov, 1965; Mikhailenko, 1967; Nadezhdin, 1961; Ni- 
kolaev, 1949; Nogina, 1964; Prasolov, 1927; Vtorushin, 1982; Ufimtseva, 1967; 
Vasil’evskaya, 1980; Zol’nikov et al., 1962; etc.). A number of publications 
(Karavaeva et al., 1965; Sokolov et al., 1982, 1993; Sokolov, 1988, 1991) detail 
the modem concept of soil formation in permafrost-affected areas of Siberia. 



2. Physiography 

2.1. Relief and geological structure 

Geologically, the major part of Central Siberia is confined to the ancient Siberian 
platform and is a plateau with an average altitude of 500 m a.s.l. The map in Fig- 
ure 2.13.1 shows the lithological and orographic stmctures of Central Siberia. 
Numbers in parentheses in the text, following geographical names, appear on this 
map. 
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The Byrranga Ridge (19) (600 to 1000 m a.s.l.) is a Hercynian structure rejuve- 
nated during the Alpine orogenesis that stretches latitudinally across the Taimyr 
Peninsula in the northern part of Central Siberia. 

The North Siberian Lowland (1) separates the Byrranga Ridge from the Central 
Siberian Plateau. It is confined to the ancient epiplatform trough filled with ma- 
rine, continental, and lagoon sediments of the Mesozoic age and silty and sandy 
alluvial and glaciomarine Quaternary sediments. It has a relatively flat relief, com- 
plicated by diverse cryogenic form — ^thermokarst depressions, pattern grounds, 
pingos, etc. 

The Central Siberian Plateau, south of the Lowland, has an uneven surface dic- 
tated by the peculiarities of the tectonic structure of the Archean-Early Proterozoic 
Siberian platform. The Tungus syneclise in the west of the platform is filled by 
mafic volcanic (trappean) rocks of Triassic age and has an inverted relief repre- 
sented by trappean plateaus: Putorana (3) (up to 1200 to 1700 m), Syverma (9) 
(600 to 900 m), and Tungus (10) (400 to 600 m). The total area of trappean rocks 
in Central Siberia is estimated at 1 ,000,000 sq. km. 

The northeastern part of the Siberean platform is confined to the Ananbar ante- 
clise, with the Anabar shield in the center. The Anabar Tableland (4) (800 to 1000 
m a.s.l.) is composed of Archean gneiss rocks. Kotui (5) and Olenek (6) plateaus 
(400 to 600 m a.s.l.) composed of Late Proterozoic and Early Paleozoic calcareous 
rocks encircle the Anabar shield from the west and east, respectively. 

The Vilyui syneclise in the eastern part of the platform is filled with Mesozoic 
marine and continental deposits overlain by Quaternary alluvial and eolian sands 
and loams. In the modem relief, it corresponds to the Central Yakutian Lowland 
(2) (150 to 200 m a.s.l.). 

Cambrian calcareous rocks outcrop to the surface on the northern slope of the 
Aldan anteclise. This area is distinguished as the Lena-Aldan Plateau (11) (400 to 
600 m in the north and up to 1000 to 1 100 m in the south). The Aldan Tableland 
(12) (1000 m, with some ridges up to 2264 m) is composed of Archean and Early 
Proterozoic gneiss with intmsions of granite. 

The Baikal folding epoch (the Early Cambrian period) gave birth to mountain 
chains of the Trans-Baikal region (16), rejuvenated in the Cenozoic era. These 
chains have an altitude of 1500 to 2800 m and stretch southwest to northeast. The 
Vitim Plateau (14) and Stanovoi Highland (15) lie between these chains. The 
Stanovoi Ridge (13) (up to 2412 m a.s.l.) to the south of Aldan Plateau divides the 
Pacific and Arctic ocean basins. 

The southwestern part of the platform is composed mainly of Early Paleozoic 
calcareous rocks with several trappean massifs; the altitude of Angara (7) and An- 
gara-Lena (8) plateaus averages 350 to 500 m. The Yenisei Ridge (18) (1000 to 
1 100 m, Baikal folding) stretches in the meridional direction along the right bank 
of Yenisei and borders the platform in the southwest. To the south, within the 
Eastern Sayan foredeep, the elevation is somewhat lower (250 m). The Eastern 
Sayan Ridge (17) (up to 3491 m) originated during the Baikal folding epoch and 
was rejuvenated in the Alpine orogenic stage. It stretches to the south of Kras- 
noyarsk in the southeastern direction. 
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2.2. Soil-forming rocks 

The Quaternary glaciers in Central Siberia did not occupy vast areas. Valley gla- 
ciers existed in the highest mountains (the Byrranga glacier, the Putorana glacier, 
and, probably, the Anabar glacier) in the northern part of this region. Soils develop 
from the residuum of bedrocks or from their loose derivatives of colluvial and 
solifluctional origin. 

The mantles of loamy clay rocks (with considerable pebble content) on the pla- 
teaus in the northern part of Central Siberia have relatively low thickness (about 2 
to 5 m). The origin of these mantles is uncertain. Usually, their composition re- 
sembles the composition of underlying bedrock (thus, the mantles developing on 
calcareous rocks contain carbonates; those on mafic rocks, typical mafic minerals; 
etc.). They also contain coarse rock fragments from underlying bedrock and may 
contain allochthonous fine earth and coarser material. Stony residuum of bedrock, 
arranged into sorted nets, circles, and stripes, covers the surface of the highest pla- 
teaus in the northern part of Central Siberia. 

Sandy glaciofluvial and alluvial deposits occur in relief depressions, including 
the North Siberian Lowland. Loesslike and loess rocks of aerial origin are wide- 
spread in the Central Yakutian Lowland and in the southwestern part of Central 
Siberian Plateau. 

In the Trans-Baikal region, sandy and loamy derivatives of granitoid rocks fill 
intermontane depressions and river valleys. 

The soils inherit many features and properties from parent rocks. In similar 
climatic conditions, the character of pedogenesis differs markedly, depending on 
the composition and properties of soil-forming rocks (Figure 2.13.1). 



2.3. Climate 

Central Siberia lies in the center of Eurasia and has an extremely continental cli- 
mate. The degree of continentality increases from west to east. In Yakutia, the dif- 
ference between maximum and minimum air temperatures reaches 100°C, and the 
difference between mean January and July temperatures is about 55 to 65°C. 

The distribution of precipitation is very uneven, from more than 1000 mm on 
western slopes of the Putorana Plateau and Yenisei Ridge to less than 150 to 200 
mm in the Central Yakutian Lowland. Mean annual evapotranspiration is about 
600 to 800 mm, so the western part of Central Siberia has a humid climate, 
whereas semiarid and arid conditions prevail in the eastern part (Figure 2.13.2). 
Orographic effects on the precipitation are strongly pronounced in the Trans- 
Baikal mountains, where the annual precipitation increases at higher elevations 
and on the slopes of western and northwestern aspects (in the eastern part. Pacific 
monsoons condition better moistening of eastern slopes). 

Mean annual air temperature varies from -16.2°C in Taimyr tundra, to -6.7°C in 
the middle taiga zone of Central Yakutia, to -2.5°C in the forest zone of Trans- 
Baikal region, to -0.5 to -1 .0°C in the southwestern part of Central Siberia. 
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The development of Asian baric maximum causes dry and cold weather in the 
winter. Atlantic cyclones penetrate into Central Siberia along the northern periph- 
ery of the anticyclone, so that winter temperatures and precipitation in the north 
(Taimyr Peninsula and North Siberian Lowland) are somewhat higher than in the 
center of the region. 

Because of the cooling effect, extremely low winter temperatures (-65 to -68°C, 
the Essei weather station) characterize relief depressions in the northern part of the 
Central Siberian Plateau. Temperature inversion occurs in depressions. 

Snow cover depth varies from 70 to 90 cm in the west to 20 to 30 cm in the east 
of Central Siberia. Stable snow cover occurs about 9 months per year (280 days) 
in the northern areas and six months per year in the southern areas of Central Sibe- 
ria. 

In summer, the atmospheric pressure lowers. Arctic air masses heat and trans- 
form into continental air masses with high aboveground temperatures. Maximum 
summer temperatures may exceed 30°C. Mean July temperature at the latitude of 
70°N is about 1 1 to 12°C; in Yakutsk (62° N), it rises to 18.9°C. The precipitation 
from Atlantic cyclones is high in the western part of the Central Siberian Plateau 
(especially on western slopes of the Putorana Plateau and Yenisei Ridge) and rap- 
idly decreases to the east. 

In the Trans-Baikal region, summer precipitation mainly connects with Pacific 
monsoons with the maximum in August through September. The active rise of air 
temperatures in the late spring and early summer, when the soils are still frozen, 
causes rapid thawing of snow and snowmelt runoff into the rivers. This water does 
not do much to moisten the soil. However, summer thawing of ice-rich permafrost 
provides additional water. 



2.4. Vegetation 

The vegetative cover of Central Siberia displays distinct latitudinal zonality (from 
Arctic Tundra to Boreal Steppe) complicated by orographic effects, the diversity 
of parent rocks, and a decrease in the degree of humidity of the climate from west 
to east (Figure 2.13.2). 

Three subzones of plain tundra vegetation occur in the North Siberian Lowland. 
Arctic Tundra, which includes the northernmost coast areas and islands, is pre- 
dominantly sedges (Carex reptobunda, C. subspathacea, C. marina), some forbs, 
and grasses (Papaver radicatum, Ranunculus borealis, Dupontia Fischeri, Atropis 
phryaganodes, Calamagrostis deschampsioides) and occupies the northern part of 
the Taimyr Peninsula and coastal areas to the east. 

Typical Tundra, which includes most of the northern Siberian lowland, is pre- 
dominantly Hypnum mosses, lichens (Cetraria cuculata, C. crispa, Cladonia 
rangiferina, Cl mitis, and Cl. alpestris in the western part and Alectoria nigricans 
and Al. ochroleuca in the eastern part), dryad {Dryas punctata), saxifrages {Saxi- 
fraga caespitosa, S. nivalis), and low shrubs (Betula exilis, Salix polaris, Cassiope 
tetragona, Ledum decumbens, Vaccinum uliginosum, Vac. vitis-idaea) and occu- 
pies the area south of the Arctic Tundra. 
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Legend to Figure 2.13.1. 

Lithological-geomorphological regions: 

(7) aggradational plains and lowlands (<200 m a.s.l.) composed of loose Quaternary deposits of various geneses; 
Denudation plains and plateaus (200 to 600 m) composed of sedimentary rocks: 

(2) Mesozoic noncalcareous (sandstone, slates, argillite, siltstone), 

(5) Late Proterozoic and Cambrian calcareous (limestone, dolomite), 

{4) Early Paleozoic calcareous and noncalcareous (marl, argillite, siltstone, sandstone) overlain by Quaternary 
covering loams of uncertain genesis, 

(5) Paleozoic calcareous and nonclacareous overlain by Quaternary loesslike loams of considerable thickness; 

Denudation plateaus composed of 

(6) Paleozoic calcareous and noncalcareous rocks with numerous trappean intrusions (400 to 800 m), 

(7) Triassic trappean rocks (600 to 1200 m), 

(8) denuded neotectonic plateaus and ridges composed of Paleozoic and Mesozoic calcareous and noncalcareous 

rocks (600 to 1000 m); 

(P) folded ridges and tablelands (400 to 2000 m) composed of Archean, Proterozoic, and Paleozoic gneiss and ig- 
neous rocks of predominantly acid composition. 

Cryogenic landforms: 

(77) kurums (stone fields and streams), (72) dells, 

(13) altiplanation terraces, (14) sorted polygons, 

(75) barren spots, (16) polygonal grounds, 

(77) hummocks, (18) thermokarst depressions and lakes, 

(19) small thermokarst depressions, (20) pingos, 

(27) peat mounds, (22) ice- wedged polygons, 

(23) relic polygonal cryogenic topography. 

Permafrost features: 

(24) southern boundary of continuous permafrost, 

(25) southern boundary of discontinuous and isolated permafrost; 

(26) ice content (L, low (<25%); H, high (25 to 60%)); 

(27) summer thawing depth (I, <50 cm; II, 50 to 100 cm; III, 100 to 200 cm; IV, >200 cm). 

Texture and mineralogy of soil-forming rocks: 

(28) : texture 

(1, sands and loamy sands; 

(2, sandy loams and loams; 

(3, clay loams and clays; 

(4, sandy loams underlain by clay loams; 

(5, stratified; index "p" indicates the presence of pebble and coarser material; index "s" denotes the under- 
lying by hard bedrock at a depth <1.0); clay minerals (K, kaolinite; Ch, chlorite; H, hydromica; S, 
smectite; V, vermiculite); coarse fraction minerals (q, quartz; f, feldspar; m, weatherable minerals of 
mafic rocks; ca, calcareous; g, gypsum). 

(29) Geographic names of the main morphostructures: 
lowlands: 

(1) North Siberian, 

(2) Central Yakutian; plateaus: 

(3) Putorana, 

(4) Anabar, 

(5) Kotui, 

(6) Olenek, 

(7) Angara, 

(8) Angara-Lena, 

(9) Syverma, 

(10) Tungus, 

(11) Lena- Aldan; 
tablelands and ridges: 

(12) Aldan Tableland, 

(13) Stanovoi Ridge, 

(14) Vitim Plateau, 

(15) Stanovoi Highland, 

(16) Trans-Baikal Mountains, 

(17) Eastern Sayan Ridge, 

(18) Yenisei Ridge, 

(19) Byrranga Ridge; intermontane depressions: 

(20) Minusinsk, 

(21) Tuva). 
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Figure 2.13.2. Schematic map of bioclimatic conditions in Central Siberia. Vegetation: (7) 
dwarf shrubs and herbs of arctic tundra and subpolar deserts, (2) grasses and herbs of 
meadow steppes, (3) grasses of dry steppe, { 4 ) shrub moss-lichen tundra with polygonal 
mires, (5) open larch forests, ( 6 ) larch-pine and mixed (dark and light) coniferous forests, 
( 6 ) dark coniferous forests, and (5) mountainous stony and moss-lichen tundra with shrubs 
and dwarf shrubs. Annual precipitation (mm): (P) <200 to 400, ( 10 ) 400 to 600, (77) 600 to 
800, and (72) >800. (73) Mean annual temperature (°C) and humidity factor (precipita- 
tion/e vapotranspiration) . 
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Southern (Shrubby) Tundra, with better manifested and higher shrubs, also 
appears within the North Siberian Lowland. Cotton grass {Eriophorum vaginatum, 
E. angustifolium) often covers thermokarst depressions. 

Thin Subarctic Forests alternating with tundra patches (the Forest-Tundra 
zone) occupy the southernmost part of the North Siberian Lowland and the north- 
ern part of the Central Siberian Plateau (to the north of the Polar Circle). At high 
altitudes, mountainous stony tundra and virtually barren rock outcrops predomi- 
nate. 

Boreal Forest (Taiga) vegetation occupies the rest of the territory. In the west- 
ern part, to the south of Nizhnaya Tunguska, along with larch (Larix sibirica) for- 
ests, dark conifers (Picea obovata and Abies sibirica), pine trees {Pinus silvestris), 
and Siberian cedar {Pinus sibirica) cover considerable areas. Birch (Betula platy- 
phylla), alder (Alnaster fruticosus), and aspen {Populus tremula) form secondary 
forests in places of forest fires. 

In the eastern part of the territory, Larix dahurica is the dominant tree species; 
pine forests often occupy well drained positions. The most contrastive vegetative 
cover is typical of the Central Yakutian Lowland. Numerous thermokarst depres- 
sions, often with thermokarst lakes in their centers, dictate the concentric distribu- 
tion of vegetation. Grassy and sedge-grassy meadow and meadow-bog communi- 
ties occur in the center of dried depressions around the lakes. In this zone with arid 
climate, the soils often contain soluble salts. Alkali grass (Pucinellia distans) is a 
common species. 

Meadow-steppe or typical steppe vegetation with meadow grass {Poa step- 
posa,), feather grass {Stipa capillata), fescue {Festuca lenensis), and wormwood 
{Artemisia pubescence) occupy somewhat higher positions. Larch taiga with 
grassy cover encircle these areas. On loesslike rocks, larch forests with lingon- 
berry {Vaccinium vitis-idaea) predominate on the interfluves. Pine or larch-pine 
forests occupy better drained sites with sandy deposits (river terraces). 

Steppe vegetation also occurs on southern slopes of Trans-Baikal mountains 
and in the south of Central Siberia, beyond the permafrost zone. 



2.5. Cryological conditions 

All the soils of Central Siberia undergo long-term (>8 months) freezing. The ac- 
tive layer depth in tundra and taiga areas varies from 0.2 (0.3) to 0.6 (0.8) m in 
peat soils, to about 1.0 m in loamy clayey mineral soils, and to 1.0 to 1.5 m in 
coarsely textured sandy loamy and sandy soils. In the south, the depth of thawing 
increases to 1.0 to 1.5 m in peat soils and heavily textured mineral soils, and to 2.0 
to 2.5 m in coarsely textured mineral soils. Plain and mountainous tundra, forest- 
tundra, and northern taiga lie within the zone of continuous permafrost. 

Discontinuous permafrost is typical of the middle taiga subzone. In the south- 
ern taiga and steppe regions, permafrost occurs in relatively small isolated areas 
confined to local depressions with clay loamy substrates and northern slopes under 
forest vegetation. Permafrost is absent or is deeper than 2.5 to 3.0 m on slopes 
with a southern aspect and on the interfluves with a relatively thin mantle of loose 
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loamy rocks. The ice content in the upper part of the permafrost varies from 5 to 
10% of volume in sandy and pebbly rocks to 50 to 70% of volume in loamy- 
clayey substrates. 

The development of ice wedges, frost cracking, cryogenic sorting, frost heave 
and cryogenic involutions (cryoturbation), and thermokarst processes mainly dic- 
tate the surface topography and soil cover patterns in permafrost-affected areas. 
Virtually all forms of cryogenic microtopography occur in Central Siberia. 

Various sorted nets and ‘stone seas’ are typical of the highest plateaus with a 
thin mantle of loose rocks. These are virtually barren areas with rock outcrops and 
poorly developed soils along cryogenic fissures. Earth hummocks predominate in 
tundra, forest-tundra, and northern taiga zones on the interfluves. Large low- 
centered polygons bordered by ice wedges are common on the floodplains and 
river terraces. Thermokarst depressions (alases) are widespread in Central Yakutia 
(Figure 2.13.1). 



3. Soils 

The diversity of soil-forming factors in Central Siberia, especially the sharp cli- 
matic differences (from the extremely humid western Putorana Plateau to the 
semiarid and arid Central Yakutia), and a wide spectrum of parent rocks, together 
dictate the complexity of the soil cover at the macrolevel. At the microlevel. Cryo- 
genic microtopography causes the specific complexity of soil cover patterns. Re- 
cently, we compiled a series of small-scale (1:16 M) soil maps on the territory of 
Central Siberia. They are based on the 1:2.5 M scale Soil Map of the Russian 
Federation but take into account some recent changes in soil nomenclature and 
present information in a generalized form. 

This series consists of four maps: a lithogenetic map (a detailed characteriza- 
tion of soil forming rocks; some information appears in Figure 2.13.1) a pedoge- 
netic map (Figure 2.13.3), and maps of soil temperature and soil water regimes. 
The legend to the pedogenetic map groups soils into several classes of soil forma- 
tion. 



3.1. Eluvial-Illuvial Al-Fe-Humus soils (Podzols, Spodosols) 

3.1.1. Podzols and Parapodzols 

Podzols and Parapodzols are acid soils with distinct chemogenic differentiation of 
sesquioxides in the soil profile and their accumulation in the form of amorphous 
Al-Fe-humus compounds in the Bh or Bhs horizon. In pebbly and stony soils, Al- 
Fe-humus compounds tend to accumulate on lower sides of pebbles, forming very 
distinct dark brown coatings, whereas the upper sides of pebbles are often 
bleached and strongly corroded. 
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If the eluvial E (albic, bleached mineral) horizon is present, these soils are re- 
ferred to as Podzols (Haplic Podzols, WRB). If the Bh horizon lies immediately 
under the peaty litter or raw-humus (Oi or AOi) horizons, the soils are classified 
as Podburs (Entic Podzols) (Targulian, 1971). 

Taking into account the genetic similarity of Podzols and Podburs, we suggest 
that the latter can be named Parapodzols. These soils are widespread in cold hu- 
mid climate on well drained, coarsely textured (sandy or sandy loams) derivatives 
of acid silicate rocks under northern taiga and tundra vegetation. They have a shal- 
low profile; as a rule, the permafrost table is found beneath the soil profile. 

The further division of Podzols and Parapodzols can be based on the character 
of surface organic and/or organomineral horizons and on the degree of accumula- 
tion and particular composition of Al-Fe-humus compounds in the illuvial hori- 
zon. 

In extremely humid conditions, the rate of litter accumulation on the surface is 
much higher than the rate of decomposition of plant remains, and a thick (10 to 30 
cm) litter layer forms on the surface. These soils are distinguished as Dry-Peaty 
(Folic) Podzols and Parapodzols, Often, they develop under dwarf pine {Pinus 
pumila) forests. 

In conditions of the permafrost zone, the further increase in the thickness of 
peaty horizons leads to a rapid decrease in the depth of soil’s summer thawing and 
the ascending movement of the permafrost table. As a result, permafrost comes 
closer to the surface; often it is immediately under or within the peat layer and the 
soil transforms into a Foli-Cryic Histosol. However, dry-peaty soils are very sus- 
ceptible to fires that prevent their transformation into Histosols. 

The usual thickness of litter horizons in Podzols and Parapodzols is about 5 to 
10 cm. The soils with considerable accumulation of amorphous sesquioxides in 
the Bhs horizon are distinguished as Dark Podzols and Parapodzols', these soils fit 
the definition of Spodosols in Soil Taxonomy. 

The soils with low content of amorphous sesquioxides in the Bhs horizon fall 
into the category of Light Podzols and Parapodzols', they do not meet quantitative 
criteria of spodic horizon and can be distinguished at the level of spodic subgroups 
of Inceptisols and Entisols. 

Podzols and parapodzols predominate in the soil cover of mountainous taiga 
and tundra in the Trans-Baikal region, mainly in the upper and middle parts of 
slopes of northern aspect, in well drained geomorphic positions. They develop 
from sandy or moderately coarsely textured loamy derivatives (of colluvial or al- 
luvial origin, or from bedrock residuum) of granites. 
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Figure 2.13.3. Schematic soil map of Central Siberia. See the “Legend to Figure 2.13.3” on 
the next page. 
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Legend to Figure 2.13.3. 

Soil sectors: 

(1) with the predominance of acid unsaturated eluvial-illuvial and gley soils of 
humid environments, 

(2) transitional, and 

(3) with the predominance of neutral to alkaline accumulative and metamorphic 
(including thixotropic cryozems) soils of semiarid to arid environments; 

(4) areas with the predominance of hydromorphic soils; 

(5) typical soil combinations (+ sign) and soil microcomplexes (separated by a 
period). 

Soils: 

(1) Slightly gleyed humus-accumulative soils of arctic tundra, 

(2) humus-illuvial and dry-peat podzols, 

(3) parapodzols (including dry-peat parapodzols), 

(4) ocherous parapodzols, 

(5) granuzems, 

(6) raw-humus brown taiga sois, 

(7) soddy brown taiga soils, 

(8) typical pale soils, 

(9) pale calcareous soils, 

(10) pale-podzolic soils, 

(11) pale solodic soils, 

(12) pale-cryozemic soils, 

(13) raw-humus and soddy rendzinas, 

(14) podbels and soddy podbels, 

(15) gray forest soils, 

(16) chernozems and meadow-chemozemic soils, 

(17) chestnut soils, 

(18) peat and raw-humus gley soils, 

(19) thixotropic cryozems, 

(20) mucky-peaty (histic) cryozems, 

(21) peat and peat gley bog soils, 

(22) peat soils of cryogenic troughs, 

(23) soils of barrens (including surface-calcareous soils), 

(24) primitive stony mountainous soils (lithosols) and rock outcrops, 

(25) sandy regosols (including sandy alluvial soils). 
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Example 2.13.1. Pit 126 (Aug. 26, 1966). Vitim Plateau, 1200 m a.s.l., upper part of a 5° 

slope of northern aspect. Al-Fe-humus Podzol (Sokolov, 1970). 

Larch taiga with bog bilberry, mountain cranberry, wild rosemary, and lichens in the 
ground cover. Large granite boulders on the surface. 

Oi, 0 to 8 cm. Loose gray-brown forest litter, densely penetrated by roots, weakly decom- 
posed, charcoal particles, admixture of strongly bleached mineral particles in the low 
part, gradual transition, wavy boundary. 

E, 8 to 1 8 cm. Whitish, with gray tint, slightly dry, sandy loam, with admixture of granite 
gravel and pebble, bleached mineral particles, rock fragments are bleached from the top 
and covered by dark brown coatings from the bottom, few fine live roots, sharp transi- 
tion, wavy boundary. 

Bh, 18 to 35 cm. Bright ocherous-brown (after calcination, reddish ocherous), wet, loamy, 
with abundant rock fragments, fine earth is aggregated into fine (0.8 mm) granules; all 
mineral particles are covered by opaque brownish films, single roots, gradual transition, 
wavy boundary. 

BC, 35 to 50 cm. Bright brown, wet, stony, loamy fine earth, silt cappings on rock frag- 
ments; the amount of stony material increases downward; no permafrost. 



In the same zone, the soils without a distinct bleached horizon {Parapodzols) 
occur. The tendency is toward the prevalence of Podzols with the eluvial horizon 
in the upper parts of slopes receiving higher precipitation. The accumulation of 
sesquioxides in the Bh (Bhs) and BC horizons is evident from the results of both 
total elemental analysis and oxalate extraction (Table 2.13.1). 

Amorphous silica (oxalate extraction) also accumulates in the Bh horizon. At 
the same time, the maximum bulk Si02 content occurs in the E horizon, which the 
residual accumulation of stable quartz minerals explains. Another specific feature 
of Trans-Baikal Al-Fe-humus soils is a high humus content in the E (3 to 8%) and 
Bh (1.6 to 4.5%) horizons. The depth of permafrost thawing exceeds the thickness 
of soil solum. 

Podzols and Parapodzols also occur in the northern (the Ananbar Shield) and 
western parts of the Central Siberian Plateau. 



Table 2.13.1. Properties of permafrost-affected soils in Central Siberia. 



Hori- Depth, „ 
zon cm ^ ' 



Hu- 

mus, 

% 



Exchangeable, 


Particles 


Total elements. 


Fe203 


meq /100 g soil 


(mm), % 


% on ignition 


by 


Ca^"+ 

Mg^ “ 


< < 

0.01 0.001 


Si 02 Fe 203 AI 2 O 3 


Tamm, 

% 



Pit 126. Al-Fe-humus Podzol on the residuum of granite. Trans-Baikal region (Sokolov, 1970). 
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0-8 


4.8 


65.6*" 


23.3 


5.9 


- 


- 


64.49 


4.19 


22.52 


0.24 


E 


8-18 


4.1 


7.5 


2.9 


7.7 


26 


8 


72.04 


2.50 


17.53 


0.09 


Bh 


18-40 


5.0 


4.2 


2.3 


7.8 


37 


15 


67.29 


5.56 


18.79 


2.91 


BC 


40-50 


5.5 


4.1 


6.9 


5.1 


40 


18 


- 


- 


- 


0.77 


Pit 5. Ocherous Parapodzol on 


the derivatives of trappean rocks. Putorana Plateau (Sokolov & Gradusov, 1978.) 
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- 


- 
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Bh 


15-20 


5.2 
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7.9 


18 


2 


43.3 


19.3 


20.7 


2.6 


Bh 


20-30 


5.6 


3.6 


4.1 


0.9 


30 


20 


46.7 


14.4 


20.6 


1.3 


BC 


30-40 


5.8 


0.8 


5.0 


0.3 


10 


3 


48.1 


13.9 


17.9 


0.6 


C(D) 
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- 


- 


- 


- 


8 


4 


49.4 


13.5 


16.8 
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(continues) 
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Table 2.13.1. (cont.) 
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Oe 


0-5 


4.9 


34.7^>) 


22.1 


13.0 


- 


- 


57.00 


10.09 


17.35 


1.05 


ABwh 


5-15 


5.3 


6.4 


20.3 


12.5 


57 


28 


58.53 


10.39 


18.26 


1.30 


Bwh 


15-25 


5.3 


3.1 


22.9 


3.4 


49 


38 


59.21 


10.95 


18.77 


1.35 


^tongue 


20-30 


5.7 


5.3 


23.3 


2.7 


51 


19 


58.17 


10.49 


17.71 


1.71 


Bw 


40-50 


6.2 


1.0 


27.9 


0.7 


65 


30 


59.19 


10.55 


18.10 


1.22 


Bw 


55-65 


7.4 


1.0 


41.4 


0.0 


34 


17 


61.64 


9.45 


17.80 


0.94 


.. J?g 


80-90 


7.0 


1.2 


26.4 


0.0 


52 


30 


59.68 


10.09 


18.16 


0.78 


Pit 58. Polevaya (Pale) soil on 


solifluction derivatives of calcareous slates. Syverma Plateau (Sokolov, 1986). 
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Oe 
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52.2^‘) 


52.8 


5.5 
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- 
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5.6 
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1.0 


52 


33 
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Bw 
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0.8 


35.0 


0.2 


40 


26 
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6.53 
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0.98 


BC 


40-50 


6.7 


0.5 


25.2 


0.0 


28 


16 
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4.90 


12.84 


1.00 


Ckf 


60-70 


7.9 


0.6 


- 


- 


40 


20 
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5.73 


15.81 


0.90 


Ckf 


70-80 


7.9 


1.0 


- 


- 


54 


26 


63.37 


7.58 


18.69 


0.88 


Tongu 


20-30 


6.2 


2.0 


38.5 


0.3 


54 


32 


68.88 


6.43 


16.72 


0.71 


e 


40-50 


6.4 


1.5 


41.4 


0.0 


53 


32 


69.29 


6.54 


16.38 


0.85 


Pale-Podzolic loamy-sandy soil (averaged data on . 


six pits). Vilyui basin. Central Yakutia (Sokolov et al, 1974). 
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2-4 
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0.7 


10 


5 
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9.5 


0.32 


AE 


4-10 


5.6 


1.5 


6.4 


0.6 


9 


5 


82.3 


1.7 
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0.33 


EBt 


10-16 


5.6 


0.8 


7.3 


0.3 


13 


7 


81.5 


2.0 


10.1 


0.30 


Btw 


16-32 


5.8 


0.5 


10.6 


0.3 


16 


12 


78.3 


2.9 


12.5 


0.30 


BC 


32-42 


6.0 


0.3 


10.0 


0.2 


9 


7 


82.4 


2.4 


9.9 


0.26 


C(D) 


>42 


6.3 


0.2 


7.6 


0.1 


6 


4 


81.4 


1.9 


10.0 


0.23 


Pit 106.^ 


. Pole ( 'oh 


oreoin \oH on calcareous loc\ 


shke loam Ceniral ) akniia (Sokolov ci al, I9~6j. 
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6 .T') 
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0.4 


40 


21 
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4.34 


14.96 


0.70 
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8-17 


7.2 


3.2 


26.8 


0.1 


40 


21 


68.80 


4.60 


17.36 


0.40 


Bk 


17-28 


8.7 


1.8 


- 


- 


33 


19 


63.97 


4.61 


16.94 


_ 


BCk 


30-40 


8.7 


1.1 


- 


- 


34 


19 


67.48 


4.31 


16.23 


- 


Ck 


45-60 


8.5 


1.0 


- 


- 


34 


19 


67.96 


4.00 


15.36 


- 


Pit 1066. Pale Solodic surface-gleyed soil on calcareous loesslike loam. Central Yakutia (Sokolov et al, 1976). 
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Table 2.13.1. (cont.) 
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Pit 71. Meadow permafrost-affected soil 


on colluvial clay loams. 


Trans-Baikal region (Sokolov, 1967). 




A 


0-20 


6.8 


7.9 


45.3 


0.2 


53 


31 
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5.26 17.92 


0.49 


A 


22-32 


6.4 


2.2 


27.3 


0.1 


46 


31 
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0.32 


A/B 


40-50 


6.2 


1.1 
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0.2 


48 


31 
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0.40 


B 
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5.6 


0.9 


24.8 


0.2 


50 


31 
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5.23 19.27 


0.46 


B 


90-100 


6.2 


- 


26.6 


0.2 


50 


33 


- 


- 


0.38 


Bg 
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6.4 


0.7 


29.4 


0.1 


57 


35 
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4.25 22.15 


0.44 


BCg 
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Pit. 74. Mucky-Calcareous permafrost-affected soil 


on limestone. Lena- Aldan interfluve (Gerasimov, 1965). 
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Pit 253. Tundra Gley soil (trough/hummock with barren surface). Southern Taimyr (VasU’evskaya, 1980). 
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Pit 214. Histic Cryozem on the derivatives of trappean rocks. Putorana Plateau (Sokolov, 1980). 
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Pit 312. Thixotropic 


Cryozem on 


the derivatives of calcareous slates and tuff rocks. Central Siberia (Sokolov, 1980b). 
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Pit 73. Thixotropic 


■ Cryozem on the derivatives of tuff and trappean rocks. Central Siberia (Sokolov, 1980b). 
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Loss on ignition 

Cation exchange capacity. 

pH of salt (KCl) suspension. 



3. 1.2. Ocherous Podzols and Parapodzols 

Ocherous Podzols and Parapodzols (Vitric Podzols and Vitri-Entic Podzols) (in- 
cluding Dry Peaty subtypes) are widespread in the northwestern part of Central 
Siberia, within the Putorana, Syverma, and Tungus plateaus composed of trappean 
rocks. This is the only territory in Russia where mafic intrusive and effiisive rocks 
compose very large plateaus; plagioclases (40 to 60%) and monoclinie pyroxenes 
(20 to 40%) predominate in their mineral composition. The rocks also contain 
some amount of vitreous material. Clay minerals include chlorites and chlorite- 
smectites. The contents of quartz and potassium feldspar are very low. 

Ocherous Parapodzols and Podzols develop in well drained sites from coarsely 
textured residuum or colluvium of dolerites under thin larch taiga with small 
shrubs and moss-lichen ground cover at altitudes up to 450 m a.s.l. They have a 
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shallow (50 to 80 cm) profile underlain by stony material; the depth of permafrost 
is about 150 cm. 

A typical profile of these soils is: Oi (5 to 15 cm), AO(OE) (0 to 5 cm), Bhs (10 
to 30 cm), BC(R) (10 to 30 cm). The thickness of mineral horizons distinctly 
transformed by pedogenetic process is very low (20 to 30 cm). As a rule, the E 
horizon is indistinct or has very low thickness. Often, this horizon has a rather 
dark color because of the residual accumulation of pyroxenes. 

The accumulation of amorphous sesquioxides and even allophanes in the Bhs 
horizon is very significant. In situ weathering of plagioclases in the Bhs horizon 
also contributes to the accumulation of amorphous sesquioxides. The latter serve 
as active structuring agents, which results in perfect microaggregation of fine earth 
fractions (Sokolov and Gradusov, 1978). 



3.2. Illuvial-Metamorphic soils 

Granuzems (Eutric Cambisols) are highly specific soils that develop from loamy- 
clayey derivatives of trappean rocks in conditions of the northern and middle taiga 
zones. The prepedogenic stage of their hydrothermal transformation can enhance 
the release of clay material from trappean rocks. The breakage of coarse mineral 
grains that serve as containers of clay material may lead to production of clay 
minerals (Sokolov & Gradusov, 1981). 

Granuzems develop in drained positions on river terraces (near the brows) and 
on colluvial fans at the footslopes under larch taiga with mossy-lichen or mossy- 
herbaceous ground cover. As a rule, the soils developing from finely textured 
rocks in conditions of cold humid climate are subject to strong gleyzation; in the 
permafrost zone, they are very susceptible to cryoturbation. However, these proc- 
esses are weakened in Granuzems. 
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Example 2.13.2. Pit 19 (July 18, 1968). Southwestern part of the Putorana Pla- 
teau, terrace of the Severnaya River, 200 m a.s.l., 25 to 30 m above the water 
level. Granuzem (Sokolov & Gradusov, 1981). 

Spruce-larch taiga with admixture of birch; blueberry, bilberry, geranium, Galium, green 
mosses, and lichens in the ground cover. A network of cryogenic troughs, forming a po- 
lygonal microtopography, dissects the surface. The thickness of a layer of live mosses 
is about 10 cm. 

Oe, 0 to 5 cm. Dark brown loose forest litter, densely penetrated by roots, some admixture 
of bleached mineral grains; sharp transition. 

ABwh, 5 to 15 cm. Gray-brown, loose, fine granular, slightly dry; there are no films on 
mineral grains; abundant decomposed plant tissues, fine roots, gradual transition. 

Bwh, 15 to 35 cm. Brown, loose, granular (the size of aggregates is about 1 mm), mineral 
grains are colored by brown films. 

Bw, 35 to 65 cm. Dark brownish, slightly compact, with angular blocky structure; fine earth 
material is cemented by clay; microaggregates are about 0.5 mm in size; wet; gradual 
transition. 

Bg, 65 to 100 cm. Grayish brown, with dull brown mottles; compact; indistinct platy struc- 
ture; wet; contains pebble and coarser fragments of mafic rocks. 

In the zone of cryogenic troughs, frost fissures penetrate to the depth about 50 cm. These 
fissures are filled with humified plant remains in the upper part and a mixture of plant 
remains and brown fine earth in the bottom. 



The most characteristic feature of Granuzems is their perfect aggregation and 
microaggregation in the Bwh horizon. The physical clay (<0.01 mm) content is 
about 50%; however, the sum of fractions <0.01 mm during the microaggregate 
analysis is just about 10%. There is no eluvial-illuvial redistribution of clay; no 
optically oriented clay is registered in thin sections. 

Granuzems are acid to strongly acid in the upper (O, Bwh) horizons and neutral 
(pH 7.0 to 7.4) in the Bw and BC(g) horizons. The saturation degree changes from 
70 to 100%. The abundance of amorphous sesquioxides (2 to 4% Fe203, 4 to 6% 
AI2O3 [% of ignited soil weight]) dictates their perfect coagulative structuring in 
the Bwh and Bw horizons; in the Bg horizon, the development of platy structure is 
due to cryogenic processes. 

Soil structuring improves the internal drainage of the soil profile and impedes 
the development of gleyzation and cryoturbation. The essence of weathering proc- 
esses in Granuzems is similar to that in Ocherous Parapodzols: intense selective 
weathering of plagioclases and vitreous minerals, leaching of silica and calcium, 
active residual accumulation of silica (in pyroxenes), manganese, and titanium, 
and very high content of oxalate-extractable iron, aluminum, and silica in the Bws 
horizon (Sokolov & Gradusov, 1981). 

In warmer and less humid conditions, Burozems (Brown Forest soils) replace 
Granuzems; in semihumid to semiarid conditions, Palevye (Pale) metamorphic 
soils replace them; in colder environments (tundra), Cryozems do (see below). 
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3.3. Metamorphic soils 

3.3. 1. Raw-Humus and Soddy Brown Forest soils (Burozems) 

Raw-Humus and Soddy Brown Forest soils (Burozems) develop in conditions of 
somewhat warmer and less humid climate (middle and southern taiga zones) from 
loamy or clay-loamy derivatives of silicate rocks, in the basins of Podkamennaya 
Tunguska and Angara Rivers, and in the mountains of Eastern Sayan Ridge. These 
are acid to weakly acid, slightly unsaturated soils, with the accumulative pattern of 
humus distribution and weak features of illuviation of humus and sesquioxides. 

Their typical profile is: Oi-AO-(Al)-Bw-BC-C. Predominant in situ weathering 
of minerals results in the development of autochthonous films on the surface of 
mineral particles in the Bw horizon with typical brown color. Amorphous (ox- 
alate-extractable) sesquioxides predominate in this horizon. However, in contrast 
to Al-Fe-humus soils, there is no maximum of amorphous sesquioxides in the Bw 
horizon. 

Raw-Humus Burozems (Dystric Cambisols) tend to develop from relatively 
poor rocks in somewhat cooler climate under mossy taiga. Soddy Burozems 
(Umbric Cambisols) occur in warmer conditions, under richer vegetation with par- 
ticipation of herbs in the ground cover. The enrichment of the substrate in 
weatherable minerals (if the substrate contains the admixture of mafic and/or cal- 
careous minerals) also contributes to the development of mull-like humus hori- 
zons. The main area of these soils lies beyond the permafrost zone, though iso- 
lated patches of permafrost occur under peatlands. 

In similar conditions, Al-Fe-humus podzols develop from the derivatives of 
quartz sandstone; and texture-differentiated Luvisols (Podzolic and Soddy- 
Podzolic soils, according to the legend of the Soil Map of Russia) with clay- 
depleted E horizon and clay-enriched Bt horizon, develop from covering silty clay 
or loesslike loams. 

The development of both Burozems (Cambisols) and Albeluvisols from similar 
rocks in similar bioclimatic conditions (often, it is impossible to predict the pres- 
ence or absence of textural differentiation in the soil profile) is hardly probable. 
The origin of textural differentiation of Luvisols in this case connects with initial 
heterogeneity of covering loams; i.e., textural differentiation in them has a litho- 
genic origin (Sokolov, 1988). Our map distinguishes these soils as Podbels. 

3.3.2. Podbels 

Podbels (Eluvial-Metamorphic soils) develop in the southwestern part of Central 
Siberia, in the basin of the Angara River (minor areas, within the low reaches of 
the Podkamennaya Tunguska River) and at the foothills of Eastern Sayan, under 
larch, spruce, and secondary birch forests with rich (with considerable share of 
herbs and grasses) ground cover. In Central Siberia, texturally differentiated acid 
to slightly acid soils usually have well manifested humus horizons {Soddy Pod- 
bels): (A-E-IIB(t)-IIBC(k)-IIC(k)). 
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The hypothesis of the lithogenic origin of textural differentiation in the Podbels 
(Soddy-Podzolic soils) of Central Siberia has yet to be tested. The name Podbels 
is given to these soils to distinguish them from Podzols proper (Al-Fe-humus 
soils) more clearly. The transformation of the initially differentiated profile of 
these soils mainly connects with humus accumulation, some leaching of carbon- 
ates (if present), and surface eluvial-gley bleaching of the E horizon (iron segrega- 
tion in concretions). The main areas of Podbels occur beyond the permafrost zone. 

3.3.3. Palevye (Pale) soils 

Palevye (Pale) soils are a transitional group between Al-Fe-humus soils of humid 
climate and humus-accumulative Ca-illuvial (“steppe”) soils of semiarid climate. 
Pale soils may have a raw humus or a typical humus-accumulative horizon under- 
lain by a light brownish (pale) metamorphic Bw horizon with a high content of 
dehydrated crystallized iron compounds that form thin autochthonous films on the 
surface of mineral particles. 

Pale soils develop from sandy and loamy (often, loesslike) loose rocks, as well 
as from loamy pebbly derivatives of silicate rocks in conditions of good drainage 
and deep thawing of permafrost. Initially, they were distinguished as the soils of 
middle and southern taiga developing from carbonate-containing loesslike loams 
(ZoTnikov, 1954). Afterward, Ivanova (1971) suggested that Pale soils are typical 
soils of ultracontinental taiga of Central Yakutia and develop not only from loess 
rocks but also from the other kinds of loose loamy substrates. 

We distinguished several types of Pale soils (Sokolov et. al., 1974, 1976; Soko- 
lov, 1986). Pale soils form intergrades with Al-Fe-humus soils (Unsaturated Pale 
soils and Pale-Podzolic soils), humus-accumulative Ca-illuvial soils (Pale Cal- 
careous soils on calcareous loamy rocks), Solodic soils (Solodized Pale soils on 
clayey loams enriched in sodium), and hydromorphic Cryozems (Pale-Cryozemic 
soils on pebbly clayey rocks with shallow permafrost). Geographically, Pale soils 
predominate in the central and eastern parts of Central Siberia. 

3.3.4. Typical Pale soils 

Typical Pale soils (Eutri-Gelic Cambisols, Haplic Cryosols) develop from clay 
loamy colluvial or solifluction deposits (often, with coarse rock fragments), low- 
calcareous loesslike loams, and ancient alluvial sandy loamy substrates in tundra 
and taiga areas, in the middle basins of Nizhnaya and Podkamennaya Tunguska 
rivers and in the basins of Vilyui and Lena under tundra and taiga vegetation. 
Very often, the derivatives of mafic intrusive rocks that outcrop to the surface in 
upper parts of slopes enrich the surface deposits. 
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Example 2.13.3. Pit 58. Left bank of the Nizhnaya Tunguska River, 3 km to the west of 

Lake Askita; high flat (terrace-like) surface. Pale soil on solifluction deposits (Sokolov, 

1986). 

Larch taiga with bilberry, wild rosemary, mountain cranberry, green mosses, and lichens in 
the ground cover. A polygonal network of cryogenic troughs dissects the surface. Aver- 
age distance between the troughs is about 1 m; trough width, 20 to 30 cm. 

Oie, 0 to 12 cm. Weakly decomposed litter, densely penetrated by roots; admixture of min- 
eral material in the lower part with intermediate decomposition of plant remains. Min- 
eral grains are covered by thin brownish films. 

AOe, 12 to 20 cm. Brownish gray, slightly dry, loose; abundant roots; plant remains of in- 
termediate decomposition; silty loamy, loose fine subangular blocky structure, well 
manifested flocculated microstructure; mineral grains are covered by thin brownish 
films; abundant charcoal particles; gradual transition. 

Bw, 20 to 40 cm. Brown, slightly dry, with loose fine subangular blocky structure; slightly 
sticky; mineral grains are uniformly covered by brown films; gradual transition. 

BC, 40 to 60 cm. Lighter color; silty loamy, with admixture of sand; brown films on min- 
eral particles; structureless; clear transition, even boundary. 

Ckf, 60 to 80 cm. Light brown, moist; weak effervescence, no visible carbonate concentra- 
tions; ice-rich permafrost at 60 cm (July 20); no water stagnation above permafrost. 

In the zone of cryogenic troughs, cryogenic fissures filled with a mixture of mineral and or- 
ganic material penetrate to the depth of 100 cm. Live roots are very abundant; the de- 
gree of decomposition of plant remains in fissures is higher than in the upper AOe hori- 
zon; all mineral particles are covered by brown-gray films; abundant coprolites. 



Typical Pale soils have a relatively homogeneous profile; there is no textural 
differentiation. There are no features of illuviation of Al-Fe-humus compounds. 
Brown films in the Bw horizon uniformly cover the surface of mineral particles. 
The content of oxalate-extractable iron is low, with a maximum in O and AO ho- 
rizons. The ratio of dithionite-extractable to oxalate-extractable iron increases 
downward through the soil profile, which is conditioned by crystallization of 
amorphous iron compounds. 

In spite of a heavy texture of these soils, they characteristically feature an ab- 
sence of water stagnation above ice-rich permafrost and relatively weak cryogenic 
phenomena. Typical Pale soils develop from the rocks enriched in weatherable 
minerals. In conditions of northern taiga and tundra. Pale soils usually have raw- 
humus horizons. These soils are common in the eastern part of the Putorana pla- 
teau. 

3.3.5. Pale Podzolic soils 

Pale Podzolic soils (Gelic Luvisols) (eluvial-metamorphic soils) occur on low pla- 
teaus composed of sandstone and slates of Jurassic and Cretaceous periods. These 
soils develop from sandy or sandy-loamy residuum and colluvial derivatives of 
Mesozoic rocks, as well as from ancient sandy alluvial deposits impoverished in 
weatherable minerals. In the Vilyui and Lena basins, they formed under larch taiga 
vegetation. 
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Example 2.13.4. Typical Pale-Podzolic soils, from sveraged data from studied soil pits. 

Oe, 0 to 2 cm. Thin loose forest litter. 

OAE, 2 to 4 cm. Transitional horizon, very loose; consists of a mixture of undecomposed 
and humified plant tissues and light-colored mineral material, which is partly aggre- 
gated; the aggregates are glued by grayish humic substances; sandy particles are 
bleached. 

AE, 4 to 10 cm. The most light-colored (whitish pale) horizon in the soil profile; indistinct 
platy structure; very loose; sand particles are bleached. 

EBt, 10 to 16 cm. Transitional horizon, often, with distinct tonguing. 

Btw, 16 to 32 cm. Illuvial horizon of bright brown color, sometimes, with reddish tint; an- 
gular blocky (nutty), with clay films on the surface of peds; the texture is heavier than 
in the upper and lower-lying horizons. 

BC, 32 to 42 cm. Transitional horizon. 

C(D), (>42 cm), sandy soil forming (or underlying?) rock. Permafrost table is at a depth of 
150 to 250 cm (in the fall). Both low-ice and high-ice permafrost can be found. How- 
ever, there are no features of water stagnation even above the icy permafrost. Cryogenic 
movements are not manifested. 



Pale Podzolic soils have a neutral or slightly acid reaction (pH 5.2 to 6.2) and 
do not contain carbonates. The degree of base saturation in upper horizons varies 
from 50 to 90%. The bleached AE horizon is depleted in sesquioxides and magne- 
sium and enriched in silica. The Btw horizon is enriched in clay and has a high 
content of dithionite-extractable free crystallized iron oxides. 

These are the soils that develop from poor and well drained substrates under 
taiga vegetation in semiarid climate. Metamorphic weathering and in situ accumu- 
lation of sesquioxides in the Btw horizon combines in them with some illuviation 
of clay material and, probably, amorphous Al-Fe-humus compounds (Sokolov et 
al., 1969, 1974) 

3.3.6. Pale Calcareous and Pale Solodic soils 

Pale Calcareous and Pale Solodic soils develop within the ancient alluvial plain 
(terraces of the Lena River) on loesslike clay loamy polymictic aerial deposits. 
They are typical of alas depressions in Central Yakutia. As a rule. Pale calcareous 
soils occupy somewhat higher levels around alas depressions. Pale Solodic soils 
tend to develop in meso- and microdepressions. 

These soils are distinguished from Typical Pale soils by the presence of distinct 
Ca-illuvial horizon at a shallow depth. In Pale Calcareous soils (Calci-Gelic Cam- 
bisols), the maximum accumulation of calcium carbonates occurs in the upper- 
most part of the Bk horizon, which the ascending migration of solutions in hot 
summer periods (the pulsating exudative water regime) often explains. Pale So- 
lodic soils (Calci-Gelic Luvisols) also may contain gypsum and salt accumulations 
in deep horizons. 

Pale Calcareous and Pale Solodic soils contain ice-rich permafrost within 2 m 
from the surface; the soil mass is dissected by frost fissures forming a regular net- 
work. In Pale Solodic soils these fissures serve as the main channels for the 
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downward migration of colloids. Pale Calcareous and Pale Solodic soils have neu- 
tral to alkaline reaction. Pale Calcareous soils have no textural differentiation; they 
have an accumulative pattern of humus distribution and an eluvial-illuvial pattern 
of carbonates. 

Pale Solodic soils have a maximum clay content in the Bt horizon and eluvial- 
illuvial distribution patterns of humus, carbonates, and sesquioxides (especially, 
dithionite-extractable iron). One of the main processes in their E horizon is iron 
segregation in concretions, which favors the removal of iron from the soil matrix 
and provides for the downward migration of dispergated clay (Surface eluvial-gley 
metamorphic soils, Solodic Planosols). A network of cryogenic fissures that serve 
as the main pathways for solute transport enhances the downward migration. 

The role of cryogenic processes in the soil profile morphology increases from 
Pale Podzolic (minimal influence) to Typical, Calcareous, and Solodic types of 
Pale soils. As mentioned earlier. Pale soils form intergrades with different types of 
soil formation. 

In particular. Pale Cryozemic soils develop from heavily textured rocks in con- 
ditions of the northern taiga and tundra (in relatively well drained sites). These 
soils have evident features of cryoturbation in their profile and a distinct polygonal 
or hummocky microtopography on the surface; at the same time, all soil horizons 
are clearly distinguished and have a continuous character. This subtype of meso- 
hydromorphic Pale soils is considered a transition to cryohydromorphic 
Cryozems. 



3.4. Humus-Accumulative Ca-llluvial soils 

Humus-Accumulative Ca-Illuvial soils include the types of Chernozems, 
Meadow-Chernozemic, Meadow, Chestnut, Cryoarid Steppe, and Tundra-Steppe 
soils. Chestnut soils develop beyond the permafrost zone, in intermontane depres- 
sions of Eastern Sayan in the southwest of the territory. Cryoarid Steppe and Tun- 
dra-Steppe soils develop in the northeastern part of Central Siberian Plateau on the 
slopes of southern aspect; they do not form vast areas in Central Siberia and are 
not shown on our map as separate areas. 



3.4. 1. Chernozems (Chernic Chernozems) and 
Meadow-Chernozemic soils 

Chernozems (Chernic Chernozems) and Meadow-Chernozemic soils (Haplic 
Phaeozems) develop under steppes and meadows in the Trans-Baikal region. 
Steppe soils of the Trans-Baikal region develop in conditions of extremely conti- 
nental climate with very cold winters that favor deep soil freezing. Often, these 
soils have permafrost at a depth of less than 2 m. It is reasonable to distinguish 
Chernozems proper and Chemozem-like permafrost-affected soils (Sokolov, 
1967). Chernozems proper develop from sandy or loamy sandy derivatives of sili- 
cate rocks with considerable pebble content. Permafrost is absent or occurs at a 
depth exceeding several meters. 
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3.4.2. Permafrost-affected Chernozem-like soils 

Permafrost-affected Chernozem-like soils include the subtypes of Meadow and 
Meadow-Steppe soils. Permafrost-affected Meadow (or Chemozemic-Meadow) 
soils are common in the northern part of the Trans-Baikal region. They develop 
clayey or loamy-clayey colluvial deposits and are subject to intense cryogenic As- 
suring; a polygonal network of cryogenic fissures is distinct on the surface. 

Along cryogenic fissures, the tongues of the humus horizon penetrate to the 
depth of 150 to 200 cm; the average depth of the humus layer (Al + A/B) is about 
40 cm. The humus content may reach 12 to 15%. 

Though permafrost may occur at a depth exceeding 2 m, its effect on soil prop- 
erties is very distinct; along with cryogenic Assuring and deep humus tongues, wa- 
ter stagnation takes place in the bottom of the soil profile, with the development of 
gleyzation and platy cryogenic structure. As a rule, permafrost-affected Cher- 
nozemic-Meadow soils have neutral or slightly acid reaction and do not contain 
Ca carbonates; at the same time, they are enriched in oxalate-soluble sesquioxides. 

3.4.2. Meadow-Chernozemic soils 

In the southern part of the Trans-Baikal region, the subtype of Meadow- 
Chernozemic soils occurs. They have somewhat deeper humus layers (50 to 70 
cm), though the humus content is lower (5 to 9%). The reaction is neutral in the 
upper horizons and slightly alkaline in the BC horizon. In contrast to Chernozems 
proper, Chemozem-like Meadow soils have rather diverse morphological forms of 
carbonate neoformations - powdery impregnation of the soil mass (dispersed car- 
bonates), calcareous pseudomycelium, and very soft (earthy) calcareous nodules. 
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Example 2.13.5. Pit 249 (Sept. 4, 1956). Flat summit of a low hill, 15 km to the north of 

the village of Kuti. Meadow-Chemozemic soils (Sokolov, 1967). 

Meadow steppe; herbs with predominance of tansy. 

A 1, 0 to 7 cm. Gray with brownish tint, loose, silty clayey, granular structure; uneven ir- 
regular boundary; in some places, calcareous material of the Bk horizon reaches the 
surface. 

AT, 7 to 40 cm. Gray with brownish tint, rather compact; angular blocky, blocky peds part- 
ing to granular peds; gradual transition (except for the "inverted" tongues of the Bk ho- 
rizon). 

A/B, 40 to 65 cm. Heterogeneous; dark gray humus tongues against the background brown 
mass; compact; with platy cryogenic structure in the lower part; mottles with calcareous 
pseudomycelium; gradual transition. 

Bk, 65 to 125 cm. Light brown, with whitish calcareous mottles; wet; blocky-platy struc- 
ture; humus tongues (to the depth of 200 cm); soil texture becomes somewhat coarser 
downward the profile. 

Dg, 125 to 230 cm. Mottley; loamy to sandy loamy with sandy laminae in the lower part; 
evident features of gleyzation (ocherous mottles, iron-manganic nodules). Permafrost 
lies deeper. 



Thus, ice-containing (impermeable) permafrost causes deep cryogenic Assuring 
and tonguing of the humus horizon, as well as the development of gleyzation and 
platy cryogenic structure in deep horizons of Meadow-Chemozemic soils, though 
the thawing depth often exceeds 2 m and may reach 3 to 5 m. However, the fea- 
tures of above-permafrost water stagnation and gleyzation often occur in Meadow 
permafrost-affected soils of the Trans-Baikal steppes (pit 71). 

It is interesting to note very sharp contrasts in the soil cover of the Trans-Baikal 
region. Podzols and Parapodzols develop on high summits and on slopes with a 
northern aspect under taiga vegetation. Chernozems tend to develop from sandy 
loamy rocks in intermontane depressions with herbaceous and grassy-herbaceous 
steppes. Meadow-Chemozemic soils occupy similar geomorphic positions but de- 
velop from loamy clayey material and are subject to intense cryoturbation. 

3.4.4. Chestnut and Dark Chestnut soils (Kastanozems) 

Chestnut and Dark Chestnut soils (Kastanozems) occur in some intermontane ba- 
sins in the southeastern and southern parts of Trans-Baikal region, predominantly 
beyond the permafrost zone. They also occur in the intermontane depressions of 
Eastern Sayan (Minusinsk Depression, Tuva Depression). 

Chestnut soils develop from sandy or loamy sandy rocks of alluvial fans under 
dry steppe sparse vegetation (wormwood, fescue, xerophytic sedges) and are dis- 
tinguished from Chernozems by the lower humus content (about 3 to 4% in the A1 
horizon). Volkovintser (1978) suggested that these soils should be included in a 
large group of Steppe Cryoarid soils. 

Similar soils also develop from pebbly coarsely textured rocks in the northeast- 
ern part of Central Siberia and in the northeast of Asia within the permafrost zone 
(Naumov & Andreeva, 1963; Bystryakov & Kulinskaya, 1980). Usually, they oc- 
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cur only on slopes with a southern aspect with patches of steppe vegetation among 
taiga or even tundra communities. Though the area of these soils is not large in 
Central Siberia, they serve as important indicators of extremely continental and 
relatively dry climatic conditions. 



3.5. Accumulative Ca-Humus soils 

As shown above, calcareous rocks occupy very large areas in Central Siberia. Pro- 
terozoic and Early Paleozoic limestone and marl (in some places, dolomite) out- 
crop to the surface within the Lena-Aldan, Lena-Angara, Lena-Vilyui, and An- 
gara-Podkamennaya Tunguska interfluves. They also compose the periphery of 
the Anabar anteclise in the northern part of Central Siberian Plateau. 

In the southwestern part of the territory (the Angara-Lena and Angara- 
Podkamennaya Tunguska interfluves), with humid or semihumid moderately cold 
climate (in the zone of isolated permafrost), the soils developing from the resid- 
uum of calcareous rocks or from their carbonate-rich colluvial derivatives can be 
classified as typical Rendzinas (Soddy-Calcareous soils) (Rendzic Leptosols), 
with a thin litter horizon, distinct humus (Al or Aik) horizon, transitional Bk ho- 
rizon, and underlying Ck or Rk horizon. V.G. ZoTnikov (1954) and Iv. P. Gerasi- 
mov (1963, 1965) described the soils developing from limestone residuum on the 
plateaus in the Lena-Vilyui and Lena-Aldan interfluves as Mucky-Calcareous 
Permafrost-Affected soils (Calcari-Leptic Cryosols). They described Typical, 
Leached, and Gleyed variants of these soils. 

Example 2.13.6 . Pit 74 (July 27). Lena-Aldan interfluve, 500 m a.s.l. Mucky-Calcareous 
permafrost-affected soils (Gerasimov, 1965). 

Larch taiga with an admixture of pine; birch (Betula Middendorffii) shrubs, bearberry, 
mountain cranberry, green mosses, and herbs (Limnas Stelleri) in the ground cover. 

Oi, 0 to 2 cm. Nondecomposed forest litter. 

AOe, 2 to 12 cm. Mucky horizon of dark brown color, slightly dry, silty loamy, densely 
penetrated by horizontal roots, with distinct semidecomposed plant tissues admixed to 
the mineral mass. 

Aik, 12 to 30 cm. Yellowish brown, with pinkish tint; moist; clayey, with limestone rock 
fragments; few roots; the fine earth material and rock fragments display effervescence. 
BCkg, 30 to 50 cm. Pinkish, with dove-colored gleyed mottles; nonsatiated wet; clayey, 
with abundant limestone pebble; strongly effervescent. 

Ckg, 50 to 70 cm. Similar in morphology; satiated wet; with higher amount of limestone 
rock fragments having a predominantly vertical orientation; ice-rich permafrost at a 
depth of 70 cm. 



Mucky-Calcareous permafrost-affected soils have the humus content in the Al 
horizon of about 2 to 4%. Their reaction is close to neutral. In contrast to Pale 
Calcareous soils, they do not contain adsorbed sodium and potassium. The content 
of carbonates increases downward the soil profile. 
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Considerable content of coarse rock fragments ensures sufficient internal drain- 
age of the upper part of the soil profile. Cryoturbation is not very active. Water 
stagnation above the permafrost table results in the development of gley features. 
In conditions of southern Yakutia (within the Lena- Aldan interfluve), ice-rich 
permafrost is present in the soil profiles under natural (larch taiga) vegetation. 

In the northeastern part of the Central Siberian Plateau (the Anabar-Olenek Pla- 
teau), with more severe climatic conditions, soil formation on the derivatives of 
calcareous rocks has a different character. The highest parts of the plateau are sub- 
ject to active denudation, so that the mantle of loose fine earth material on them is 
very thin. These surfaces are virtually barren, with well manifested, sorted pat- 
terned grounds. Scarce vegetation appears only on the network of cryogenic fis- 
sures. 

These are virtually barren areas with primitive stony soils, thin humus- 
accumulative soils of fissures, and surface-calcareous soils of cryogenic circles 
(soils of spots). A mantle of loamy and clayey material of colluvial and solifluc- 
tional origin covers lower parts of the plateau and slopes. Active frost heave re- 
sults in the development of typical hummocky microtopography. 

Peat soils with shallow (20 to 30 cm) permafrost develop in cryogenic troughs 
between the hummocks; the soils of hummocks are distinguished as Thixotropic 
Cryozems (see below). Mucky-Calcareous soils develop only in well drained 
geomorphic positions (near the brows) from the substrates that are enriched in 
weatherable minerals (the derivatives of mafic intrusions) or nutrients (nesting 
places). 



3.6. Cryohydromorphic soils 

Most of mineral heavily textured (loamy and clayey) soils in the permafrost zone 
display vivid features of cryoturbation and hydromorphism; they have water- 
saturated horizons during the whole summer and ice-rich permafrost underlies 
them. These soils can be referred to as cryohydromorphic soils. They are much 
less diverse than mesomorphic soils; i.e., the soils with similar types of soil profile 
morphology (O-AOjj-Bjj-Cfjj with strongly manifested cryoturbation) develop 
from different kinds of parent material under different climatic conditions (from 
extremely cold humid tundra to moderately cold semiarid larch taiga). 

At lower taxonomic levels, cryohydromorphic soils can be subdivided into sev- 
eral groups by (a) the presence (or absence) of gley features, (b) the character of 
organic horizons, (c) soil acidity and base saturation, (d) mineralogical and chemi- 
cal composition, (e) texture and physical properties, etc. The main groups are 
Cryohydromorphic Gley soils and Cryohydromorphic Nongley soils that may 
form intergrades. 

3.6.1. Cryohydromorphic Gley soils 

Cryohydromorphic Gley soils with Peaty, Mucky-Peaty, or Mucky organic hori- 
zons (Gleyi-Turbic Cryosols) predominate in the plain tundra and forest-tundra 
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landscapes in the western part of the North Siberian Lowland. They develop from 
marine (or glaciomarine) clays and loams, as well as from glaciolacustrine and 
lacustrine-alluvial sediments with some admixture of pebble material. 

Mafic rocks of the Putorana trappean plateau served as the main source of these 
sediments, as the predominant montmorillonitic composition of clay minerals and 
the presence of coarse fragments of mafic rocks in them show. Mucky-Peaty Gley 
soils develop under cotton grass-moss shrub tundra vegetation. V.D. Va- 
sil’evskaya (1980) described these soils in the middle reaches of the Pyasina 
River. The surface has a hummocky microtopography; barren spots often occur on 
the tops of hummocks. 

Example 2.13.7. Soil profile in the trough zone between hummocks (Tundra Gley soil). 

O/AOa, 0 to 10 cm. Wet, dark brown material composed of moss remains, with an admix- 
ture of loamy fine earth in the lower part; densely penetrated by fine roots; distinct 
transition. 

Bg, 10 to 20 cm. Wet, brownish dove-colored, with ocherous mottles; compact; sticky; 
clayey; structureless; densely penetrated by fine roots, especially in the upper part; 
gradual transition. 

G, 20 to 37 cm. Satiated wet; clayey; mottled, with vertical ocherous streaks against the 
bluish dove background color; compact; sticky; structureless; ice rich permafrost from 
the depth of 37 cm. 



Example 2.13.8. Soil profile of hummocks with a barren surface. 

Bg, 0 to 10 cm. Mottled: grayish ocherous-brown with dove-colored mottles; clayey; loose 
crumbly structure; compact; densely penetrated by roots; gradual transition. 

G, 10 to 50 cm. Wet, dove-colored; with bright ocherous streaks and mottles from the depth 
of 30 cm; clayey; structureless; with few roots. 

Cgf, 50 to 110 cm. Grayish, with dove tint; frozen; clayey; with abundant ice lenses and 
schlieren. 



The ocherous-brown color of the soil mass in the Bg horizon attests to active 
oxidation processes; oxidized amorphous iron compounds disperse in the soil 
mass and also form relatively soft iron nodules of up to 0.5 mm diameter. In the G 
horizon, iron compounds are mainly reduced. Relatively weak acidity and high 
base saturation characterize Tundra gley soils developing from montmorillonitic 
clayey substrates. 

The degree of gleyzation usually increases downward in the soil profile. At the 
same time, the horizon with the minimum percentage of oxidized iron compounds 
(manifested by ocherous mottles and streaks) often occurs in the middle part of the 
profile (Elovskaya et. al., 1979). 

Though the main area of Cryohydromorphic Gley soils lies in the northwestern 
part of Central Siberia, their ecological amplitude is much wider. As some secon- 
dary components of the soil cover, these soils occur in virtually all permafrost- 
affected landscapes. Peat and Mucky-Peat Gley hydromorphic soils with less pro- 
nounced cryoturbation or without it at all also occur in taiga landscapes beyond 
the permafrost zone. 
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3.6.2. Cryohydromorphic Nongley soils, or Cryozems 

Cryohydromorphic Nongley soils, or Cryozems (Sokolov, 1980a, b) develop 
within permafrost-affected territories in conditions of ultracontinental climate in 
central and eastern Siberia. This group includes two types of soils: Mucky-Peaty 
(Histic) Cryozems and Thixotropic Cryozems. Vividly manifested cryoturbation 
and a lack of gleyzation in the mineral soil profile at the background of its satura- 
tion with water characterize both types. 

3.6.2.1. Muckv-Peaty Cryozems (Oxyaqui-Histic Crvosolsl 

Hydromorphic soils with evident features of cryoturbation, thick organic horizons, 
and shallow depth of ice-rich permafrost were first described under mountainous 
taiga in the Trans-Baikal region under the name of Taiga frozen (permafrost- 
affected) soils (Sokolova & Sokolov, 1963), with the note that gley features are 
not vividly expressed in them, despite high water saturation. 

In the legend of the 1 :2.5 M Soil Map of Russia, these soils were named “Taiga 
Hydromorphic Nongley High-Humus Soils.” The absence of distinct gley features 
served as the basis for separating these soils from the group of Gley permafrost- 
affected soils under the name of Homogeneous Cryozems (the term ’’homogene- 
ous” designated the process of cryoturbation leading to homogenization of the up- 
per mineral horizons). 

Homogeneous Cryozems can develop from different substrates with medium 
(silty to sandy loamy) texture in autonomous geomorphic positions and on slopes 
within a wide range of bioclimatic conditions, from Subarctic Tundra to Boreal 
Taiga (Sokolov, 1980a). They do not form large areas in the soil cover and occur 
together with different kinds of mesomorphic soils (Al-Fe-humus soils. Pale soil. 
Mucky Calcareous soils, etc.). Peat soils, and stony strips. Cryohydromorphic 
Gley soils replace them in relief depressions, as well as on heavily textured clayey 
rocks. 

Field studies of the 1970s proved that Homogeneous Cryozems are more com- 
mon in the western (humid) part of the permafrost zone in Central Siberia and do 
not develop in more arid conditions. They should be distinguished as Histic 
Cryozems to stress the importance of peat accumulation on their surface. 

Example 2.13.9 . Pit 214 (July 21, 1969). Putorana Plateau, the slope (3°) of southeastern 
aspect to Lake Ayan. Thin larch forest with shrubs (dwarf birch, willow, and wild rose- 
mary); mosses, lichens, sedges, and dwarf shrubs in the ground cover. 

Oi, 0 to 10 cm. Dark brown peaty horizon with weakly decomposed moss tissues. 

BOjj, 10 to 30 cm. Gray-brown (lOYR 4/2); homogeneous mixture of plant tissues and 
mineral material; satiated wet; structureless; friable when dry; mineral grains are devoid 
of cutans; ice lenses from the depth of 20 cm. 

C(D)f, 30 to 50 cm. virtually black frozen loamy sand (solifluction derivatives of doleritic 
rocks); without evident features of pedogenesis. 



Histic Cryozems have a thick (10 to 20 cm) organic horizon, underlain by a 
cryohomogenized mixture of organic and mineral material (BOjj). The degree of 
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decomposition of plant tissues and humification processes depends on the charac- 
ter of parent material. Peaty organic horizons are typical of the derivatives of acid 
silicate rocks, and mucky horizons can develop on the derivatives of silicate- 
calcareous rocks. 

A high content of semidecomposed plant tissues in the BO horizon explains the 
low bulk density of these soils, their lack of compaction, and the friable character 
of the soil mass upon drying. These are the soils with significant water retention 
capacity and, at the same time, the possibility of lateral water migration toward the 
zones with perfect drainage in surrounding stone stripes. The humus content is 
also high, which contributes to the high adsorption capacity (40 to 60 cmol^^^/kg 
soil). 

Chemical properties of Histic Cryozems vary, depending on the nature of their 
parent material. Histic Cryozems on the derivatives of calcareous rocks have neu- 
tral pH (7 to 7.5) and are saturated with bases, though the upper part of the peat 
horizon may be very strongly acid (pH 4 to 4.5). Histic Cryozems developing 
from nonmafic silicate rocks have a base saturation about 20 to 40% and a 
strongly acid reaction (pH 5.0 to 5.5). 

At the same time, the degree of structuring of the mineral material in Histic 
Cryozems is very low, which the high water content and frequent cryoturbation 
explain. The lack of gley (redoximorphic) features in the profile can be due to its 
aeration in the course of cryoturbation, saturation of soil solutions with oxygen in 
the network of cryogenic fissures, and low temperatures that suppress microbi- 
ological activity and favor the solubility of oxygen in soil solutions. 

3.6.2.2. Thixotropic Cryozems (Oxvaquic Cryosolsi 

Thixotropic Cryozems (Oxyaquic Cryosols) represent another type of cryohydro- 
morphic nongley soils characterized by a water-saturated, heavily textured, cryo- 
turbated, structureless, sticky, rather compact mineral profile with thixotropic 
properties and the lack of gley features. When dried, the thixotropic mineral hori- 
zon becomes very hard. Peat, muck, and thin raw humus and proper humus hori- 
zons can develop at the surface; the thickness of organic horizons is usually less 
than 20 cm. 

These soils are widespread in the central and northeastern parts of Central Sibe- 
ria, within the zone of middle and northern larch (in the western part, with admix- 
ture of spruce and Siberian pine) taiga with oligotrophic hydrophilic moss-lichen 
vegetation in the ground cover. They occupy leveled interfluves, gentle and mod- 
erately steep slopes, terrace-like surfaces in river valleys, and colluvial fans. 

Thixotropic cryozems develop from heavily textured (loamy clayey and clayey, 
with relatively low pebble content) colluvial and solifluctional deposits of differ- 
ent mineralogical composition. They are especially typical of the areas composed 
of calcareous and mafic rocks. 

Cryogenic hummocky microtopography is very distinct on the surface. Earthy 
hummocks have a diameter about 1 to 2 m and relative elevation above the trough 
zone of about 30 to 50 cm. Sometimes, their tops are barren. Thixotropic 
cryozems of hummocks alternate with peat soils underlain by shallow (0.2 to 0.5 
m) ice-rich permafrost in cryogenic troughs with ice wedges. The maximum thaw- 
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ing depth on hummocks is about 0.4 to 1.0 m, depending on particular climatic 
conditions and the thickness of the organic horizon. 

Example 2.13.10 . Pit 312 (July 15, 1971). Central Siberian Plateau, basin of the Pod- 
kamennaya Tunguska River, 3 km to the southeast of the Taiga River mouth. Slope (about 
5°) of northeastern aspect, 260 m a.s.l. Thixtropic cryozem developed from colluvial- 
soliflcutional derivatives of calcareous slates, sandstone, and vitric tuff penetrated (up the 
slope) by mafic (doleritic) intrusions (Sokolov, 1980b). 

Sparse larch taiga with an admixture of spruce and Siberian pine; willow, birch, and alder 
shrubs; dwarf shrubs (bog bilberry, mountain cranberry, wild rosemary), mosses and li- 
chens in the ground cover. Hummocky microtopography. Live parts of mosses and li- 
chens on the soil surface have a thickness of about 10 cm. 

Oi, 0 to 10 cm. Brown mossy peat, weakly decomposed; gradual transition. 

OeAl, 10 to 20 cm. Gray, peaty-mucky, densely penetrated by fine roots; with an admix- 
ture of humiferous mineral material; sandy grains are bleached; charcoal particles. 

Clear transition. 

BwAl, 20 to 30 cm. Grayish brown (7.5 YR 4/3), grayish tint weakens downward. Struc- 
tureless, loamy clayey, satiated wet; indurated upon drying. Sand-size particles are cov- 
ered by brown and grayish (humus-rich) films; charcoal particles; few roots. Gradual 
transition, wavy boundary. 

Bwtix, 30 to 40 cm. Brown (7.5YR 5/6), with very homogeneous color. Loamy clay with 
admixture of gravel and pebbles. Structureless, satiated wet, thixotropic, indurated upon 
drying. Brown films on sand particles. Ice-rich permafrost at a depth of 40 cm. In thin 
sections, the material of B horizons has visible porosity about 10%; there are no films 
on pore walls; stress cutans of optically oriented clay are seen around coarse skeletal 
particles represented by quartz, feldspars, pyroxenes, hypersthene, dark vitreous mate- 
rial, and fine fragments of mafic rocks. 



Thixotropic cryozems are extremely vulnerable soils. Forest fires, vehicle pas- 
sages, reindeer overgrazing and other natural and humanly induced impacts on the 
environment cause the activation of cryoturbation and solifluction. On slopes, the 
latter can completely destroy (remove) the soil layer with thixotropic properties. 



3.7. Peat soils 

Relatively high elevations, predominantly ascending neotectonic movements, and 
the general richness of substrates in bases do not favor the development of vast 
peatlands in Central Siberia. Usually, peat soils develop in the zones of cryogenic 
troughs forming complexes with different kinds of mesomorphic and hydromor- 
phic soils. They are more common in the western, more humid part of Central Si- 
beria and in the lowlands and flood plains. In the permafrost zone, the depth of the 
summer thaw in peat soils varies from 20 cm in the north (Cryic Histosols) to 
about 1 to 1.5 m in the southern part (Gelic Histosols). Sphagnum peat often de- 
velops on top of ice wedges. 
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3.8. Rock outcrops and nonsoil formations 

High mountains and plateaus in Central Siberia are virtually devoid of higher 
vegetation; they are stony barrens with diverse forms of sorted patterned grounds. 
Vast areas of these formations occur in the Putorana, Anabar, and Olenek plateaus 
and at high elevations in the Trans-Baikal Mountains. 

Given similar climatic conditions, the upper boundary of more or less continu- 
ous vegetation depends on the geological background. In conditions of cold semi- 
arid climate (eastern Putorana and Anabar and Olenek plateaus), barren stony sur- 
faces in the areas with acid silicate rocks occur at elevations above 500 to 600 m 
a.s.L, areas composed of limestone and clayey-calcareous rocks (marl) occur 
lower, at 300 to 500 m a.s.l. (in the northern part, to 100 to 200 m a.s.L). Dolo- 
mites occupy an intermediate position. 

Rock outcrops and talus deposits are also typical of steep slopes in the valleys 
of main rivers. Glaciers and snow patches existing for several years occupy rela- 
tively small areas in the highest mountains. In general, nonsoil formations occupy 
no less than 20% of the area in the northern part of Central Siberia. 



4. Soil-forming Factors and Soil Distribution 

Analysis of the soil map (Figure 2.13.3) shows two principally different soil eco- 
logical fields', (a) the field of acid unsaturated soils with an eluvial-illuvial or 
gleyed profile (Al-Fe-humus soils and Gley soils) and (b) the field of neutral to al- 
kaline saturated soils with an accumulative-metmorphic profile (Pale soils and 
Humus-Accumulative Ca-illuvial soils [chemozem-like soils, steppe cryoarid 
soils, etc.]) combined with specific Hydromorphic Cryoturbated (cryomorphic) 
Nongley soils, or Cryozems. 

Peat (Histic) soils can occur in both fields, though their relative abundance in 
the latter (“semiarid to arid”) field is much lower than in the former (“humid”) 
field. A transitional field also appears. Different soils fill every particular climatic 
niche, depending on the character of parent rocks. Thus it is reasonable to consider 
“lithogenic spectrums” of soils developing in given bioclimatic conditions. 

The position of climate-controlled boundaries between different types of soil 
formation depends on the character of parent rocks. Thus, the niche of neutral 
metamorphic soils is much wider on the rocks enriched in weatherable minerals 
(“rich rocks”). In contrast, the ecological niche of Al-Fe-humus soils extends into 
semiarid and even arid climate on “poor rocks” (e.g., quartz sands). In real geo- 
graphic space, soil-ecological fields correspond to particular typical soil combina- 
tions that compose soil sectors (Figure 2.13.3). 

In permafrost-affected areas, the degree of internal drainage of the soil profile 
and the ice content in permafrost predetermine the activity of cryoturbation and 
frost heave. Well drained mesomorphic or xeromorphic soils on coarsely textured 
rocks are less susceptible to cryoturbation (except for cryogenic sorting) and have 
deeper permafrost. Poorly drained hydromorphic soils on heavily textured rocks 
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are subject to active cryoturbation, leading to considerable disturbance of soil ho- 
rizons. The difference between meso-xeromorphic and cryohydromorphic soils is 
very distinct. 

In general, ecological niches of cryohydromorphic soils are much wider than 
those of mesomorphic soils. Thus, Peat and Gley soils may occur in virtually all 
ecological niches on poorly drained rocks. Ecological niches of Histic and 
Thixotropic Cryozems are more specific; these soils occur in an ultracontinental 
climate, which favors frost cracking and saturation of soil water with oxygen that 
prevents the development of gleyzation. 



5. Conclusion 

Central Siberia can be considered the cradle of Russian geocryology and cryope- 
dology. Starting from the first permafrost temperature measurements by Midden- 
dorf (1844) and first descriptions of cryogenic phenomena in soils by the re- 
searchers working under the aegis of Siberian expeditions of the Department for 
Peoples’ Migration in the beginning of the 20th century, soil studies in this region 
enriched pedology with new concepts related to peculiarities of soil formation in 
permafrost-affected environments. 

There were, roughly, three stages of scientific thought. First, pedogenetic con- 
cepts worked out in the European territory of Russia were extrapolated for the ter- 
ritory of Central Siberia without due correction for the effect of cryogenesis 
(though particular manifestations of cryogenic phenomena in Siberian soils were 
thoroughly described). In the 1960s, scientists widely accepted the concept of ge- 
netic specificity of Siberian soils related to the presence of permafrost and ul- 
tracontinental climatic conditions. Later came the idea of Siberian soils resulting 
from intricate interplay between traditional soil-forming factors, permafrost condi- 
tions, and cryogenic processes. 

Researchers showed that the effect of permafrost and cryogenic processes on 
soil formation varies considerably, depending on soil texture and climatic condi- 
tions. At the same time, soil diversity in Central Siberia results from the great di- 
versity of all other soil-forming factors, including climate (from humid to semi- 
arid, with mean annual temperatures from -16 to about 0°C), parent material 
(virtually all kinds, from granite residuum to the derivatives of mafic and calcare- 
ous rocks, loesses, sands, and even the remains of red-earth formations), vegeta- 
tion (tundra, taiga, steppe, and cryosteppe), relief (mountain peaks, flat plateaus, 
steep and gentle slopes, leveled lowlands, alas depressions, etc.), and time (recent 
soils on fresh solifluction, alluvial and colluvial deposits, full Holocene soils with 
well developed profiles). 

As a result, soil diversity in Central Siberia is much wider than that at similar 
latitudes of the European part of Russia. In permafrost areas, predominant soils of 
the humid climate include Typical, Ocherous, and Dry-Peat (Folic) Podzols and 
Parapodzols, Granuzems, and Raw-Humus Brown Taiga soils (Burozems) in well 
drained conditions and Peat, Nongley Cryohydromorphic (Histic Cryozems), and 
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Gley soils in poorly drained conditions. In the semiarid climate, the types of 
Palevye (Pale Metamorphic), Meadow- Steppe Chemozemlike soils, Chernozems, 
Kastanozems, and Cryoarid Tundra-Steppe soils predominate in well drained con- 
ditions, whereas Peat soils and Nongley Cryohydromorphic soils (Thixotropic 
Cryozems) are widespread in poorly drained conditions. 

Virtually all the soils in the permafrost zone and even beyond it bear evident 
features of cryogenic processes (frost cracking, tonguing boundary of the humus 
horizon, ruptic character of surface horizons, frost heave, uneven surface topogra- 
phy, separation of coarse fragments, ice wedging, cryoturbation, development of 
specific cryogenic structures, burying of organic horizons, cryohomogenization, 
etc.). The latter gain maximum development in heavily textured soils, especially in 
Cryozems and some Gley soils. 

Along with soils proper, it is reasonable to distinguish cryopedoliths as the bod- 
ies with thin peat, muck, and/or raw-humus horizons regularly disturbed by cryo- 
turbation so that the "normal" development of the soil profile and more or less dis- 
tinct horizonation of the latter is impossible. Cryopedoliths are common on 
solifluction slopes. The destructive activity of cryogenic processes greatly in- 
creases when there are human impacts on the soil cover. Thus special soil care is 
mandatory in areas of mining and local agriculture (including reindeer pasturing). 
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In Arctic or alpine soils, frost is an important pedogenic agent. Most of the frost 
features relate to one dominant process, the segregation of ice in the soil, usually 
in the form of lenses and the heaving and associated strains resulting from both 
freezing and thawing. Frost is specifically a thermally oriented desiccation. 

Physical weathering related to frost dehydration, hydraulic pressure, and ice 
crystallization (Claridge & Campbell, S. 3, Ch. 4, 6; Blume et al., S. 3, Ch. 5), in 
combination with other agents such as chemical weathering or soil faunal activity, 
can lead to the fragmentation of rocks. The high latitude and/or altitude reduces 
the biologically active period, limiting the extent of fragmentation due to the low 
kinetics of the biochemical reaction. But life is present everywhere and biological 
activity much more widespread than believed. 

In the soil, texture (in the pedological sense) controls frost dynamics, while or- 
ganic matter, amorphous clays, and local drainage conditions play complementary 
roles. The equilibrium between the thermal deficit at the freezing plane and the 
thermal input from water (heat of crystallisation and soil heat) (V. Ostroumov, S. 
3, Ch. 1) control ice segregation. Optimum conditions for formation of ice lenses 
occur in loamy textured sediments in the capillary fringe of the water table (pF<2). 

The capability to develop ice lenses is called frost heave. In spring, the inver- 
sion of the thermal gradient (the frozen soil is colder than the air) promotes the in- 
filtration of melting water in the still frozen substratum, which causes supplemen- 
tary heave and stresses in the soil just before the thaw. 

The size of the aggregates increases progressively with depth and with the 
thermal deficit’s gradual decrease, except in the presence of permafrost. After the 
ice lenses melt, the arrangement of the soil peds between the residual fissures pro- 
duces a pattern of soil morphology called platy to foliated soil fabric or micro- 
fabrics (see Van Vliet-Lanoe et al., S. 3, Ch. 2). 

The placement of the interpedal fissures affects both hydraulic conductivity and 
translocation of particles. At the soil surface, ice lensing improves the soil fabric; 
farmers know this as frost mulching. At depth, the frost-formed aggregates be- 
come more stable when thawing is slow, coldest winter temperatures are low, and 
content in colloids (organic or mineral) is high. This can lead to over- 
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consolidation, which is a natural compaction by dehydration and mechanical pres- 
sure. 

Differential frost heaving, resulting from the accumulation of segregated ice, 
appears to be the main mechanism of involution in a cold environment, but 
cryostatic pressures can intensify its impact with differential swelling, exceptional 
salt heave, and, in poorly drained sites, load cast. Organics or amorphous clays, 
which increase soil’s water retention capability, can emphasize differential frost 
heaving. Gradients of susceptibility to frost reveal the geometry of the deforma- 
tion in close relationship to the level of the water table in the active layer (layer 
freezing and thawing every year). 

Permafrost is not the sine qua non of cryoturbation. Permafrost has no direct in- 
fluence on the thermal regime but can modify it with respect to the desiccation of 
the active layer in winter. In particular, it has impacts on the hydraulic regime 
(Bum, S. 3, Ch. 3), as it behaves like a rigid bedrock layer. The lowering of the 
water table in summer and thermal cracking in winter provide polygonal devel- 
opment, in which slow upward injection of unfrozen material occurs at the onset 
of the frost season, when the water table rises again and cryostatic pressures de- 
velop. 

Mud liquid expulsion is an exceptional phenomena, occurring only from hydro- 
static pressure which topographic slope differences create or in the event of vibra- 
tions (i.e., trampling, earthquake, or mechanical traffic) which destroy the soil ag- 
gregates. Pedogenic processes can influence the rate of these hydraulic events, can 
create frost-susceptibility gradients by translocating particles with spring melt, or 
can facilitate precipitation of pedogenic components, such as amorphous clays or 
organics. 

Deformations can occur simultaneously with frostcreep on a slope. Neither 
thermal convection of soil or water nor load casting is the only mechanism re- 
sponsible for these deformations; the original sedimentary fabric, which may be 
deformed but is still preserved, has an impact. Load cast usually begins with de- 
glaciation or when thermokarst conditions lead to an abmpt melting which induces 
slumping and vibrations in the water-saturated soils. 

Disturbance is associated mainly with deep seasonal frost or occurs within the 
active layer. It ranges from macroscopic cryoturbation and thrusting to micro- 
scopic disturbances. Various granular aggregates formed by mechanical stresses 
related to differential frost heave (for example, at the contact between an organic 
and a non-organic horizon) are common features visible under the microscope. In 
this case, the disturbance disrupts the horizons, allowing the papules (disrupted 
clay skins) of Bt horizons and granules of spodic B horizons to develop or iron 
nodules formed in pseudogley during milder paleoclimate conditions to break up, 
and finally deforming the horizons with differential frost heave, as Chapter 2 in 
this section discusses. Frost jacking (vertical tilting) of either stones or other pe- 
dogenic features, such as nodules, is common. 

Climatic conditions have not been constant in the Eurasian Arctic either during 
the Holocene period or during the last 20000 years. Thermokarst features date to 
the Late Glacial in northern Yakoutia. There, during the warmest part of the Holo- 
cene, 7000 YBP, the climate was probably 2 to 4°C warmer than it is today, re- 
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stricting permafrost to the northern fringe of NWT Canada and to the northeast of 
Siberia (Figure 3.0.1 A, B, and C, CLIMEX Maps, CCWM). This warming led to a 
particularly ice-rich permafrost table in the Arctic. 




LATE GLACIAL 
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frhc;t SEASONAL FROST 



Figure 3.0.1 A. Fluctuation of the extent of permafrost during the last 20,000 years: A. Last 
Glacial Maximum. 
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Figure 3.0.1 B. Fluctuation of the extent of permafrost during the last 20,000 years: B. 
Holocene Optimum. 
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Figure 3.0.1 C. Fluctuation of the extent of permafrost during the last 20,000 years: 

C. Today. 

Since the Subboreal, particularly in last 2000 years, permafrost has re-extended 
by successive steps to the south. Since the Little Ice Age (Figure 3.0.1 A), in the 
circa- Atlantic provinces it is shallower, poorer in ice, but much colder, as more ef- 
ficient thermal cracking and ice wedging evidence. An opposite situation to that in 
Yakoutia exists in Alaska and Western Canada (Bum, S. 3, Ch. 3). The situation is 




346 



Van Vliet-Lanoe 



even more complicated in Antarctic regions, where permafrost history extends to 
the early Tertiary, before the onset of the Quaternary, as Chapters 4-6 in this sec- 
tion stress. 

Drainage changes that relate to cooling or warming are recorded in the form of 
a rise or a drop in the water table within depressions (with or without permafrost) 
and a change in frost penetration at depth. The consequences for pedogenesis are 
cryoturbation on wet sites, hummocky microrelief on dryer soils, and solifluction 
on slopes, all of them disturbing the Hypsithermal soil (Van Vliet-lanoe et al., S. 
3, Ch. 2). 

Many periglacial features described today as indicators of a cold environment 
and permafrost in fact developed during the Late Holocene and relate to gradual 
climate degradation since 6000 YBP. Today, a slight warming leads to the melting 
of the permafrost, with abrupt failures such as those on the ice-rich permafrost or 
ice wedges of Yakoutia (C. Bum , S. 3, Ch. 3) or of the Mackenzie, or to progres- 
sive deformations with restored pedogenesis in less continental conditions such as 
those in northern Quebec and Ungava. A warming, as expected from anthropo- 
genic climate modification or increasing deforestation, as in Yakoutia today, leads 
to intense thermokarst activities, such as those during the Holocene. 

Knowledge of the various processes which frost action causes in soils and the 
interactions of these processes with classical soil-forming processes allows a more 
accurate reading of soil evolution with time and climate change. 
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1 . Introduction 

Processes involved in soil formation (gley, podzolic, and metamorphic processes, 
leaching, accumulation and retention of humus, and others) are based on “elemen- 
tary” physico-chemical soil transformations (phase transitions, surface interac- 
tions, transfer of mobile phases, etc.). In cryogenic soils, ice, which substantially 
modifies thermodynamic conditions, complicates physico-chemical processes and 
induces a characteristic set of specific indices. The soils inherit a thin-platy struc- 
ture from the cryogenic texture (from ice lensing), the silty fraction predominates, 
Assuring forms are diverse, and contrasting distribution patterns of soluble com- 
ponents occur (Makeev, 1978). 

Understanding the peculiarities of mass transfer, physico-chemical changes and 
structural modification related to ice segregration in soils helps define the impact 
of cryogenic processes as soil-forming factors. 

When freezing modifies physico-chemical processes in soil, the translocation of 
solutes and particles is of prime importance. Physico-chemical changes, appear- 
ance of stresses and deformations, and structural modification and rearrangements 
related to ice segregration intimately relate to the transfer of solutes and particles. 



2. Transfer of Moisture as Vapor in Freezing Soiis 

At low moisture content in freezing soils, i.e., when there is free volumetric water 
and ice, water vapor plays the major role in the moisture transfer and film liquid 
accounts for less than 1% of the total flow intensity. According to Ershov’s ex- 
perimental data, the diffusion coefficient for vapor (Dv) is 4*10'^ ... 4.5*10'^ mVs 
and for liquid unfrozen water 2.5*10’^^ ...4.5. ..10'^^ (clay soil, moisture 2.5%, 
temperature -5^C) (Ershov et al., 1978). 
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In its pure state, moisture transfers as vapor during freezing in dry sandy soils. 
Such soils have no mobile liquid film because they do not retain any unfrozen 
moisture even at close to zero negative temperatures. The permeability of dry 
sandy soils to gases is sufficient for an effective transfer of vapor (the Dv is about 
13*10"^ ... 15*10'^ m^/s under such conditions) (Ershov et al., 1978). In a dry 
freezing soil, the separate needle-shaped crystals of ice mark the freezing front 
(Hallet, 1990). 

Upon freezing of sandy-loam, loamy, and clayey soils, agglomerates of ablima- 
tional ice usually form in large pores and fissures which work as channels for the 
transfer of vapor (Ershov et al., 1987). Fissuring of soils upon freezing is associ- 
ated with consolidation (Van Vliet-Lanoe, 1991) during cryogenic dehydration, 
while, in frozen soils, heterogeneity of the distribution of temperature stresses 
complicates the situation (Kudijavtsev et al., 1973). Fissuring of frozen soils fa- 
vors their aeration, leads to sublimation drying and additional cooling, and en- 
hances heterogeneity of temperature distribution (Miller, 1967). 



3. Sublimation of Ice and Transfer of Moisture as Vapor in 
Frozen Soils 

In frozen soils, the structure of convective gas fluxes determines the transfer of 
moisture as vapor. The distribution of soil temperatures influences substantially 
these fluxes and the formation or sublimation of ablimational ice. Ablimational ice 
forms on relatively cold walls of pores and fissures. This directs the resulting 
transfer of vapor toward the heat flow (Kudrjavtsev et al., 1973). The distribution 
of ice in soil changes because of the vapor transfer during daily temperature oscil- 
lations and throughout longer thermal periodicities. Local ice ablimation (i.e., the 
formation of ice from water vapor) and sublimation (Ostroumov and Makeev. 
1980; Zheleznyak and Kochmenyova, 1992) controls this change. 

The heating of soils in the surficial horizon of the layer of daily temperature 
fluctuations induces sublimation drying, whereas ablimational ice accumulates in 
its inner portion. Sublimation predominates in the inner part of the layer of daily 
temperature fluctuations upon soil’s cooling from the surface. 

Alternating ice ablimation and sublimation leads to the appearance of a horizon 
of sublimational drying, underlain with a layer enriched in ablimational ice. Such 
ice-rich layers are typical in regions with an hypercontinental cold climate. The 
distribution of ice in the permanently frozen soil at a snow-free site in the Dry 
Valleys region (Antarctica) is a good example of this (Figure 3.1.1). Here, under 
permanently negative temperatures and low air humidity (Steams et al., 1993), the 
moisture transfer as vapor in the soil plays the critical role in its mass exchange 
with the atmosphere and the underlying layers. 





0 20 40 60 80 100 



Volumetric total water content, % 

Figure 3.1.1. A layer of sublimational drying (0 to 9 cm) and accumulation of ablimational 
ice (9 to 17 cm) in a sandy soil (Mount Feather plateau, Dry Valleys region, Antarctica, 

2960 m above sea level, mean annual air temperature -26°C). 

The relative enrichment of ice with light oxygen isotopes in the accumulation 
horizon (Table 3.1.1; Dr. C. Siegert, Alfred Wegener Institute of Polar and Marine 
Researches, Potsdam, Germany, kindly provided the isotope analysis data) shows 
that the ice largely originated from ablimation and vapor transfer. 

Figure 3.1.2 shows data on changes in total moisture content in the vicinity of 
the wall of a frost fissure in a frozen loamy cryotic boggy soil (northeastern 
Transbaikal area). The examples in Table 3.1.1 show that the loss of moisture in 
the soil layer with sublimational drying results in the appearance of a deeper hori- 
zon of accumulated ablimational ice (Ostroumov and Makeev, 1980). 



Table 3.1.1. Oxygen isotope composition of ice at the Mount Feather Plateau (Figure 
3.1.1). 




Mass Spectrometer Determination 
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Distance from the open surface, cm 

Figure 3.1.2. Dynamics of the total moisture content in a frozen loamy meadow boggy soil 
in the course of sublimational drying on an open vertical surface (Tungir graben, northeast- 
ern part of Transbaikal region, West Siberia). Digits at the curves indicate the time of dry- 
ing, in days. 

The transfer of moisture as vapor also plays an important role in the movement 
of gas inclusions in ice. Ice sublimates on the warm wall of an inclusion, while 
crystals of ablimational ice form in its cold wall. This dislocates inclusions in the 
direction opposite to the heat flow (Lipenkov, 1989). 

Frozen soils dehydrate during sublimational drying. Sublimation of ice in a fro- 
zen soil leads to its deep drying and dehydration, which the low air humidity and 
the absence of local moistening in the frozen soil favor. According to I. Zhelezn- 
yak (Zheleznyak et al., 1992), in the course of their sublimational drying, the soils 
lose not only all of the capillary moisture but also a part of adsorbed moisture. 
This shows in changes of soil characteristics. Studies of properties of the frozen 
soils in the Transbaikal region have shown that individual soil structured units, 
from which ice is removed by sublimational drying, become waterproof (Ostrou- 
mov and Makeev, 1980). Apparently, in the course of sublimational drying, ag- 
gregates become water-resistant, owing to dehydration flocculation of colloids. 

Redox processes occurring in the aeration zone of frozen soils favor stabilizing 
individual soil peds. Figure 3.1.3 shows data on changes in the content of mobile 
ferrous ions in frozen loamy meadow boggy soil (northeastern part of the Trans- 
baikal region). A network of cryogenic fissures aerate the frozen boggy soil. A 
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thin discontinuous snow cover and the increase in soil permeability to gases be- 
cause of its sublimational drying facilitate aeration. 

In the aeration zone, oxidation gradually decreases ferrous iron. Open fissures 
in frozen soils favor deep aeration, which induces oxidative processes even in 
boggy soils. The data in Figure 3.1.3 A, B, and C illustrate the dynamics of the 
oxidation degree of ferrous iron (extraction with sulfuric acid, reduction with hy- 
droquinone, and complexonometric completion [Kkhudyakov, 1977]) in the fro- 
zen meadow boggy soil in the northeastern of Transbaikal region (Ostroumov, 
1978). 

In a frozen soil of the bog complex, a relative increase in ferric forms occurs 
during winter, anomalous for the reducing properties of bogs. The relative de- 
crease in the content of ferrous ions occurs in the absence of its noticeable migra- 
tion, owing to deep aeration of the frozen fissured soil. In the locked filtration 
transfer of the liquid phase, the redox processes constitute the key mechanisms re- 
sponsible for the in situ metamorphization of podburs and other cryogenic soils 
(Targulian, 1971). 
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Figure 3.1.3 A. Forms of the mobile iron in frozen loamy meadow boggy soil (winter). 
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Figure 3.1.3 B. Forms of the mobile iron in unfrozen loamy meadow boggy soil (summer). 
Depth, Qm 




Figure 3.1.3 C. The oxidation degree of iron (Fe^^^Fe^^ + Fe^^, %) increasing during the 
sublimational drying in the flacked layer of frozen soil (0 to 40 cm). 
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4. Transfer of Liquid Moisture in Freezing Soiis 

4.1. Formation of massive texture in frozen soii 

When ice cement forms in sandy soils, practically no migration of moisture oc- 
curs, and interstitial ice generally develops during freezing (Hallet, 1978). 



4.2. Formation of segregation ice and generation of cryogenic 
textures 

The freezing of loamy and clayey moisture-saturated soils induces the formation 
of inclusions of pure segregation ice as lenses or layers. Segregation ice is one of 
the most widespread types of soil ices (Vtyurin, 1975). It grows during soil’s 
freezing as liquid film migrates from the thaw zone and available space allows an 
increase in the size of streaks (Ershov et al., 1987). According to Ershov’s hy- 
pothesis (Ershov et al., 1979), the flux of unfrozen water toward the growing ice 
inclusions also stimulates segregation ice. 

As waterlogged soils freeze, the moisture migrates from the active layer toward 
the freezing front, because the water potential is minimal at the ice’s surface 
(McGaw et al., 1983; Voronin et al., 1989). 

An inclusion of segregation ice begins forming as plate-forming crystal nuclei 
appear at the surface of soil particles. Heat channeled from the surrounding space 
to the ice crystals induces the influx of pore solution. The ice inclusion grows as 
long as moisture is supplied onto its surface and as long as the pressure of the 
growing ice crystals is sufficient for drawing the walls of the ice-filled pore farther 
apart. The liquid water flux to the growing ice inclusion drains the unfrozen zone 
close to the freezing front. When the liquid flux ceases, the inclusion growth stops. 
The phase transition isotherm rapidly shifts through the desiccated zone of soil, 
where no phase transition takes place, to the area where the moisture content is 
high enough to form a new ice lens (Zestkova, 1987; Ostroumov and Makeev, 
1980). 

These conditions promote the formation of lenses and layers of segregation ice: 
total saturation of soil with moisture; possible migration of moisture to the freez- 
ing front; presence of a colloidal fraction; pore solution of low salinity; presence 
of minerals susceptible to shrinkage on dehydration (to provide space for the 
growth of ice crystals); susceptibility of soils to compaction under the pressure of 
growing crystals; low freezing rate. The factors that prevent growth of segregation 
ice inclusions are low moisture content, high concentration of pore solution, and 
absence of swelling minerals that shrink upon dehydration (Hallet, 1978). 

Layers, lenses, and streaks of segregation ice are typical elements of the cryo- 
genic fabric of ice-saturated frozen soils of loamy and clay texture (Vtyurin, 
1975). In sandy soils, despite their high permeability, inclusions of segregation ice 
form only in the presence of colloidal fractions (Popov, 1981). For sandy soils, the 
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presence of segregation ice and layered and streaky textures associated with it is 
an exception rather than the rule (Popov, 1981). 



4.3. Concentration of dissolved components at the freezing front 

In the freezing zone, the pore solution is drawn toward the surface of crystals. Ac- 
cording to Yazynin’s observations performed using cryomicroscopic techniques 
(Yazynin, 1986), the moisture flow migrating to the freezing front involves not 
only dissolved substances but also clay particles. He also observed dislocations of 
larger grains and aggregates. Water molecules complete the buildup of pure ice 
crystals, causing the growth of a pure ice lens or layer. The dissolved components 
of pore solution (ions, colloids) remain in the unfrozen liquid, the concentration of 
which increases with the growth of ice crystals. The growing crystals expel the 
brine toward the heat source. In this situation, the solution concentration of the un- 
frozen liquid increases by tens of times in the pore. Thus, owing to the press-off of 
dissolved components, the interface between the frozen and thawed zones be- 
comes the site of their concentration; the pore solution remains liquid after freez- 
ing (Miller, 1967). 

Figure 3.1.4 shows an example of the concentration zone of potassium ions 
(microsampling [Ostroumov, 1997]; acetate-ammonium extracted with atomic 
emission-based determination [Ostroumov, 1997; Ostroumov, 1998.]) at the inter- 
face between the frozen and thawed layers in a freezing sample of loamy soil. The 
ion concentration zones are preserved after freezing of the soil (Figure 3.1.5). The 
position of concentration zones relative to the streaks and layers of segregation ice 
indicate the direction of freezing. Soil aggregates enclosed between segregated ice 
lenses or streaks lose the greater part of their moisture as they freeze. In the frozen 
soils with a layered or streaky texture, moisture content in the interlenses ap- 
proximates the level of molecular water retention (Ershov et al., 1987). 

Because of the drop in soil temperature after freezing, the zones of concentrated 
dissolved components become the sites that accumulate crystalline and amorphous 
(oxide) precipitates, form crystal hydrates, flocculate colloids, and form solid 
eutectics (Ershov et al., 1996), which processes occur simultaneously with redox 
reactions. As a result, individual cryogenic peds prove to be chemically fixed. 
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Figure 3.1.4. Distribution pattern of mobile potassium at the ffozen/thawed zone interface 
in a sample of freezing loamy soil (laboratory experimental data). 



They become waterproof; their surface is sealed with films and coatings that re- 
peat the zones of concentration of dissolved components (Ostroumov and Makeev, 
1980). This favors the preservation, after the soil’s thawing, of cryogenic aggre- 
gates produced by ice segregation. During the next freezing, the ice segregation 
renucleates exactly in the soil inter-aggregate porosity which the former lensing of 
ice left. This further stabilizes the cryogenic peds (Ostroumov and Makeev, 1980). 



5. Transfer of Unfrozen Liquid Moisture in Frozen Soiis 

In frozen soils there is no mobile bulk moisture. For this reason, filtration of the 
bulk pore solution, which is the major mechanism of mass transfer in thawed soils, 
is blocked (Murman, 1973). The basic role in the transfer of unfrozen liquid in 
frozen soils is played by other mechanisms, such as osmotic transfer, diffusion, 
flowing of films, and translation of liquid inclusions (Cass and Miller. 1959; 
Frolov, 1998). 
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Figure 3.1.5. Distribution pattern of mobile potassium at the interface of dehydrated dis- 
persed material and lens-like inclusion of segregational ice in a sample of frozen loamy soil 
(laboratory experimental data). 

The existing classifications differentiate the following categories of unfrozen 
moisture in frozen dispersed systems: films at the surface of oxides; silicates and 
organic matter; films at the surface of ice crystals; and microzones with high con- 
centrations of dissolved components. Of all these types, the liquid films at the sur- 
face of ice crystals display the highest mobility (Ershov et al, 1979). Despite its 
low absolute content, this type of unfrozen moisture largely determines the perme- 
ability of frozen soils for dissolved components, in particular for ions. 

In frozen soils, the highest content of unfrozen water occurs in the films at the 
surface of silicates, oxides, and organic matter. This moisture is in the field of sur- 
face attraction forces, and its involvement in the transfer of mobile components is 
not important (Maeno, 1992). The unfrozen moisture of liquid inclusions is local- 
ized in closed microvolumes. Migration of such inclusions in soils does not make 
any appreciable contribution to the transfer of unfrozen moisture (Ershov et ah, 
1979). However, the material inside these inclusions contains no ice, and it is as 
highly permeable as the unfrozen soil. 





S. 3 Ch. 1 Physico-Chemical Processes in Cryogenic Soils 



357 



6. Transfer of Dissolved Components in Frozen Soils 

Contrary to common current concepts, the frozen ice-saturated soil is not an 
impermeable substrate. The data reported by Maeno (Maeno, 1992) indicate that 
the electric conductivity of frozen soils is only several-fold lower than that of their 
thawed analogs. The electric conductivity of frozen soils is almost exclusively 
ionic, which indicates rather high permeability of frozen soils to ions (Maeno, 
1992). Transfer of ions and other mobile compounds occurs in frozen soils not 
only under the influence of electromagnetic fields but also from the action of gra- 
dients of temperature, pressure, concentration, and other factors affecting the 
thermodynamic potentials of mobile phases. 

Figure 3.1.6 shows the dependence of the effective coefficient of ion diffusion 
on moisture content in samples of frozen loamy grey forest soil. At both positive 
and negative temperatures and with the moisture content below hygroscopicity 
(the left bars in Figure 3.1.6), this soil proves virtually impermeable for ions (the 
ion diffusion coefficient Di < lO'^"^ mVs). At this moisture level, no ice is in the 
samples, whereas all unfrozen moisture is localized in the non-solubilizing volume 
(Ananian and Poltev, 1987). 



D, *10 m^/s 




Total water content, % 



Figure 3.1.6. Effect of the total moisture content (without differentiation of ice and unfro- 
zen moisture) on the effective diffusion coefficient of potassium ions in a fi*ozen loamy soil 
(middle temperature, -6°C). 
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As the moisture content increases, ice crystals appear in the samples, and the 
diffusion coefficient of ions rises dramatically (the higher bars in Figure 3.1.6). 
The permeability of the frozen loam sample for both cations and ions is maximal 
(Di < 10'^^ ... 10’^ m^/s) when the bulk moisture content is somewhat lower than 
porosity. The surface of ice crystals in the frozen soil is then maximal (Fe- 
doseyeva, 1998). This indicates that the transfer of ions in the frozen loamy soil 
occurs basically in the unfrozen moisture of quasi-liquid films at the ice/pore air 
interface. The maximum coefficients of ion diffusion in the frozen soils are only 
one order of magnitude lower than those in their thawed analogs. R. Murman 
(Murman, 1973), E. Ershov (Ershov et al., 1996), and others carried out such 
comparisons. 

The high ion permeability of snow and the transfer of ions and complex com- 
pounds in snow are associated with films of unfrozen water on the surface of ice 
crystals (Nechaev et al., 1981). In particular, these processes induce formation of a 
zone of enrichment of snow in metals in the areas with geochemical anomalies. 
The basic mechanism underlying the transfer of metals from soil to snow is as- 
sumed to be a transfer in films at the surface of ice crystals, induced by the ther- 
mal gradient (Nechaev et al., 1981). The distribution pattern of dissolved compo- 
nents in individual crystals of diagenetic ice (fim) provides evidence of the 
involvement of the surface of ice crystals in the transfer of ions. 

Figure 3.1.7 shows the data derived from the slow thawing of a fim sample un- 
der the action of the filtration air flow with a temperature of +0.5°C (this experi- 
ment was in collaboration with Dr. V.V. Demidov). As the thawing of soil pro- 
ceeded, the water formed was sampled to determine the content of sodium ions 
(atomic emission); the size of fim crystals was measured with the aid of a tele- 
scopic lens. In the course of thawing, the mean size of crystals diminished line- 
arly, making it possible to interpret the temporal changes in the concentration of 
ice melt water as the distribution of sodium ions in fim grains. The data of Figure 
3.1.7 indicate that the greater part of ions is localized in the surface layers of ice 
crystals, whereas the inner part of the crystals has a pure composition. The high 
content of ions in the surface layers of ice crystals in fim and their high concentra- 
tion in the early melt water confirm the important role ice crystals’ surface play in 
the ion transfer. 

In soils, the unfrozen moisture localized in films at the surface of ice crystals 
performs a similar transport function, which provides exchanges sustaining the 
metabolism of viable microorganisms, despite frost. 

When the frozen soil contains the segregated ice lenses and layers, the ion per- 
meability gradually decreases, ultimately becoming much lower (by 3 to 4 orders 
of magnitude) than that of pure ice. Thus, frozen soil containing segregation ice 
has a lower permeability than either pure ice or low ice. 

The barrier role of the interface separating two highly permeable media, soil 
aggregates dehydrated during freezing and inclusion of pure segregation ice, ex- 
plains the abnormally low ion permeability of ice-saturated frozen soils. The data 
in Figure 3.1.7 allow comparison of two distribution patterns of ions. The first 
(curve 1) resulted from a slow freezing of soil when the heat source was placed on 
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the right side. The second came from an analogous slowly freezing sample but af- 
ter a week-long exposure under an inverted temperature gradient (after freezing, 
the heat source was placed near the left side of the sample). The inversion of the 
temperature gradient resulted in a decrease in the content of ions in the concentra- 
tion zone. A new concentration zone began to form at the opposite face of the soil 
aggregate. This example shows that changes in the temperature gradient induce a 
transfer of ions inside the mineral soil enclosed between its interfaces with ice in- 
clusions. 

Figures 3.1.8 and 3.1.9 feature the temperature dependencies of dielectric pa- 
rameters of two frozen samples of a loamy soil. The samples differed in ice con- 
tent and ice forms. Both samples were prepared from a homogeneous paste, into 
which electrodes of a dielectric permitivity sensor (Vitel Moisture Probe) were 
impaled prior to freezing. The first sample (Figure 3.1.8) had an ice content of 
about 30% and a massive cryogenic texture from rapid freezing. In the second 
sample (Figure 3.1.9), a slow single-front freezing with the free supply of distilled 
water formed a thick layered cryogenic texture. After preparation and storage at a 
constant negative temperature, the samples were slowly heated. In the course of 
heating, their polarizability and dielectric losses were measured. 
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Figure 3.1.7. Distribution of ions in an ice grain (fim). 
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In the sample with a massive cryogenic texture (Figure 3.1.8), the polarizability 
and dielectric losses increased monotonously upon heating, whereas the corre- 
sponding curves had the same shape as these of unfrozen moisture content. With 
the increase of temperature, the content of liquid moisture in the frozen loam sam- 
ple increased gradually and induced a monotonous growth of polarizability (basi- 
cally owing to the orientation with quasi-elastic rotation of dipolar molecules 
within the liquid phase) and dielectric losses (basically owing to the forward mi- 
gration of charged particles in the liquid). It is fairly probable that this occurred 
due to a gradual increase in the thickness of unfrozen water films. 

In the sample with a layered cryogenic texture, both polarizability and dielec- 
tric losses also increased during heating. However, at temperatures above -8°C, 
both parameters successively reached several extreme values, each of which cor- 
responded to a phase transition of a portion of moisture in the zones of ion con- 
centration and in the dehydrated soil aggregates. Comparison of the aforemen- 
tioned curves confirms that, in the frozen ice-saturated soils containing inclusions 
of segregation ice, a part of the unfrozen moisture is localized in the zones of con- 
centration of dissolved components and does not form a film but, rather, inclu- 
sions of concentrated solution. 




-16 -14 -12 -10 -B -6 -4 -2 
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Figure 3.1.8. Temperature dependence of polarizability (a) and dielectric losses (b) in a 
sample of frozen loamy soil with a massive cryogenic texture. Homogeneous distribution of 
finely dispersed ice and soluble components. 
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The frozen soil may be featured as a spatial entity of well permeable domains 
(soil aggregates and ice inclusions) isolated from each other by the impermeable 
boundaries. Inside the domains, the medium permeability is fairly high (10'^^... 
12'^^ mVs in soil aggregates and 10'^... 10’^^ m^/s in ice against 10'^... 10’^ m^/s in 
soils at positive temperatures). 

The permeability of interfaces between pure ice and soil aggregates restricts the 
overall permeability of a bulk of frozen icy soil and is estimated with a coefficient 
of ion diffusion of about m^/s. For frozen soils, there are descriptions of 
processes of ion exchange, surface interactions, chemical reactions, and probable 
microbial metabolism, the limiting factor of which is the ion permeability of the 
medium. Apparently, these processes can occur inside microorganism’s cells 
where soil has a sufficiently high permeability. The mass exchange does not play 
the role of the limiting factor for these processes in closed domains. However, 
transit liquid transfer involving large volumes does not take place in frozen soils. 
This favors in situ metamorphization of soils. 




t,c 

Figure 3.1.9. Temperature dependence of polarizability (a) and dielectric losses (b) in a 
sample of frozen loamy soil with a layered cryogenic texture. Ice forms segregational layers 
20-30 mm thick. The greater part of soluble components is localized in narrow concentra- 
tion zones inside the layers of dispersed material at the interface with segregational ice. 
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This model of frozen soil structure corresponds to Frolov’s conception of the 
spatial-skeleton structure of frozen dispersed media (Frolov, 1998). In addition to 
a network of cryogenic fissures promoting free gas exchange, the spatial entity of 
permeable cells and impermeable ice/soil aggregates interfaces is an important 
type of soil heterogeneity of a specific cryogenic origin. 
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1. Introduction 

Micromorphological analysis makes it possible to study the interrelationships be- 
tween the various individual components, particles, and pores that make up sedi- 
ments and soils. 



1 .1 . Methodology 

First, we removed intact samples from the various horizons or layers of material 
described in the field. Then, in the laboratory, to preserve the integrity of the vari- 
ous components in an undisturbed state, we impregnated the samples with a poly- 
ester resin to consolidate the individual particles yet preserve the arrangement of 
the soil pores, aggregates, and soil material (Murphy, 1986; Fox et al., 1993). We 
cut the resin-impregnated sample, mounted it onto a glass slide (referred to as a 
“thin section”), and ground the soil material to approximately 30 |Lim thick to fa- 
cilitate viewing its components with a polarizing light microscope. One then could 
examine the sample for features associated with various soil processes. 

Identifying the types of features and then interpreting them in context with the 
environmental setting provides information about the genesis of the soil. For ex- 
ample, one often can distinguish features resulting from primary sedimentation 
(original deposition of materials) from features developed from such subsequent 
processes as redeposition, frost action, and soil formation, and often can arrange 
modifications to soil morphology in their sequence of formation. 
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1.2. Research history 

Micromorphological investigations of (sub) Arctic and Antarctic soils are few. 
These scientists undertook some of the pioneering work on the morphology of 
these soils: Kubiena (1953, 1970), in the Antarctic and Arctic; Fitzpatrick (1956), 
in Svalbard; Kosheleva (1958), in the Yamal peninsula; Dumanski and St Amaud 
(1964), on the boreal soils of Canada; Morozova (1965), in central Yakoutia; Par- 
fenova and Yarilova (1967), Fedorova and Yarilova (1972), and Brewer and 
Pawluk (1975). They described various types of platy fabric and granular fabric 
and eluviation-illuviation processes (mud cutans; Kubiena, 1970, and Fitzpatrick, 
1956) as common features of these soils. 

Micromorphological analysis usually applies to unfrozen material from summer 
field samples. Tamocai (1993) describes methods to sample frozen soils and gives 
suggestions for taking field samples intended for preparation of thin sections. 
Gubin and Gulyaeva (1997) made a special attempt to compare the microfabric of 
frozen soils. 



1.3. Conceptual background 

Rock-inherited features at present dominate cold regions and mountain soils, 
which also are subject to cryoturbation processes and a reduced rate of soil profile 
development. Evidence of strong weathering can be present but often derives from 
Neogene or even Cretaceous pedogenesis, as Kubiena (1970) stressed, or from an 
early Holocene or late glacial phase of pedogenesis, as in recently deglaciated ar- 
eas. 

Saprolitic materials (that is, residual material formed during another period) of- 
ten are reworked and incorporated into the till material, as reported for Fenno- 
scandia, the Canadian Shield, and Siberia (goethite clasts, kaolinite microaggre- 
gates, vermiculite microaggregates, hematitized grains) (Kubiena, 1970; Van 
Vliet-Lanoe, 1988a; Tamocai and Valentine, 1989). Saprolites often are the parent 
material in the Siberian lowlands, outside the wide fluvial and aeolian quaternary 
cover (Gubin, 1997). 

Consequently, lithological fabric can prevail or strongly influence the micro- 
fabric development; obliquely oriented clast fabric related to fluvial deposition, 
stretching, and the dismption of thinly laminated sediments might exaggerate 
frost-induced microfabrics. Sedimentary aggradation is also recorded in soil, as 
well as fluvial, colluvial, or aeolian importation. 

In addition, concepts have evolved during the past few years concerning the 
“absence of biological activity” or the prominent role of cryostatic pressures in 
permafrost soils. Measurements during experimentation have limited drastically 
the action of cryostatic pressures by opposition with differential frost heave. 

This chapter discusses the patterns and morphologies one can observe in 
cryosolic soils in terms of the physical processes related to ice formation and 
freezing and thawing; the biological processes as affecting humus formation; the 
chemical processes related to organo-chemical weathering; and the large-scale en- 
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vironmental impacts related to cryoturbation and movement of materials due to 
slope position. 



2. Ct 7 ogenic Processes 



2.1 . Basic fabric of ice lensing 

Cryosols for some time have included regular platy to angular platy peds resulting 
from the formation of ice lenses (Figure 3.2.1). McMillan and Mitchel (1953) and 
Dumanski (1964) and Dumanski and St. Amaud (1966), who referred to the pat- 
tern as an “isoband fabric” (Figure 3.2.1 A), provided some of the first micromor- 
phological descriptions from soils and laboratory experiments. This fabric most 
often occurs in soils with silty textures or at depth in Cryosols as a result of retrac- 
tion fissures (desiccation). 

Smooth planar fissures with unconforming boundaries delimit the platy aggre- 
gates. If ice lensing is weak, one can confuse it with desiccation features. Triangu- 
lar or square convex interpedal pores (Figure 3.2.1D-E) often occur (Van Vliet- 
Lanoe, 1976). Large pores exist commonly at the base of lithoclasts or compact 
aggregates, which probably relates to a reduced water supply for ice lens forma- 
tion and increased retraction. Prismatic (or blocky, compact) fabric (Figure 
3.2. ID) develops in either originally water-saturated unconsolidated clays or silty 
clay (marine or lacustrine) or by abrupt cooling (Van Vliet-Lanoe et al., 1984); it 
is common in minerogenic paisas and in some fragipan horizons. Compaction of 
the aggregate relates to frost desiccation and the mechanical stresses, which the 
growth of ice lenses induce and which supplementary sources of water supply 
(migration of adsorbed water or of vapor, and refreezing of melting water) may 
enhance. Various patterns of soil fabric directly relate to ice lens formation. 



2.2. Freeze-thaw microfabric 

When alternating freeze-thaw cycles affect a soil, the soil morphology that results 
from ice lensing evolves to lenticular to foliated peds somewhat cooled by internal 
micro-erosion, particle translocation, and some plastic deformation (Figures 3.2.1, 

3.2.2, 3.2.3, 3.2.4, 3.2.5). Dumanski (banded fabric, 1964) and Yarilova and Fe- 
dorova (1972) first described these fabrics (Figures 3.2.1F, G, H, and 3.2.4B) in 
active soils, and Romans and Robertson (1964), Fitzpatrick (1976), and Van 
Vliet-Lanoe (1976), in fossil material. 
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Figure 3.2.1. Cryogenic fabrics. A. Upper permafrost horizon, in glaci-marine silts 
(George River, Nunavut, Canada) (W). B. Seasonally frozen saprolite (Mont Jacques Car- 
tier, Quebec, Canada) (VV). C. Surface of a recent mudboil in silt clays (Ny Alesund, 
Svalbard) (W). D and E. Thin sections in frozen samples, at 30 and 60cm (Siberia) (SG). 
F. Freeze-thaw (banded) microfabric in a silty sandy paleosoil on till (Gasebu, Svalbard) 
(W). G. Banded microfabric in a very fine soliflucted sand (glacial) covered by a crypto- 
gamic crust (Finnish Lapland) (VV). H. Banded microfabric in a dolomitic residual silt 
(sorted circles, Blomstrand Svalbard) (VV). I. Granular /orbiculic fabric in a former lami- 
nated loamy sand, treched by combined solifluction and cryoturbation, C horizon of a Cry- 
orthod, (N.Quebec, Canada) (VV). Photos by Van Vliet-Lanoe (VV) and Gubin (SG). 





Figure 3.2.2. Vesicules and translocation. A. Rounded vesicles, surface of a mudboil in till 
(Salluit, Nunavut, Canada). B. Mamillated vesicles and surface splash crusting on clayey 
silt (Ny Alesund, Svalbard). C. Particle translocation below a cryptogamic crust on a mud- 
boil (N.Quebec, Canada). D. Particle translocation at the surface of a liquefaction suscepti- 
ble mudboil on till (Salluit, Nunavut, Canada). E. Coarse clay illuviation integrated in a 
mudboil on a silt cored paisa (northern Quebec, Canada). F. summer clay skin in frost shat- 
tered shales (Ny Alesund, Svalbard). Photos by Van Vliet-Lanoe. 
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Figure 3.2.3. Cryoturbation and solifluction. A. Cryoturbated contact between a peat 
(right) and a sand (Kvadehuksletta, Svalbard). B. Cryoturbated contact between a dolomitic 
silt and an aeolian sand, Gasebu Svalbard). D. Gentle frostcrep in a clayey silt (Brogger 
moraine, Svalbard); E. Frost creep in frost-shattered dolomitic limestone with some resid- 
ual silts (Ny Alesund, Svalbard). F. Gelifuction fabric in granitic sand (Finnish Lapland). 

G. Frost-shattered shale in a loess (Al; Advent, Svalbard); stone frost jacking in a residual 
dolomitic silt (Kvadehuksletta, Svalbard). Photos by Van Vliet-Lanoe. 



CRYOGENIC PROCESSES 

[Effects on Soil Morphology] 
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Figure 3.2.4. Classification of cryogenic microfabric (Fox, 1994). 





















Figure 3.2.5. Humus. A. Incompletely disgested humus of Salix polaris (mor, with acarian 
droppings) and ectomycorhizo (Ny Alesund Svalbard) (W). B. Sphagnum peat AOg, unal- 
tered, weakly bioturbated (Hardanger Vidda, Norway) (W). C. Aeolian fixation on a Poly- 
trychum mat (Salluit, Nunavut, Canada) (W). D. Burned AO horizon of a Pinus mariana 
stand (northern. Quebec, Canada) (W). E. Orbiculic microfabric in an Orthic Turbic 
Cryosol, Bmy horizon, 0 to 30 cm (Mackenzie Mountains, Carcajou Range, Northwest Ter- 
ritories, Canada) (CF). F. Microcraked monomorphic organo-aluminic gel in the Bs of a 
Cryorthod (Finnish Lappland)(VV); G. Retinized organic matter in a Bw (Siberia) (SG). H. 
Coprogenic moder (collembolla; Blomstrand, Svalbard) (W). Photos by Van Vliet-Lanoe 
(VV), Gubin (SG), and Fox (CF). 
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A capping of segregated fine particles progressively develops on the top face of 
peds or stones (Figure 3.2. IH, Figure 3.2.3E, F). The cappings consist usually of 
silt and coarse clay-sized particles, generally thinly stratified, and form up to 2- 
cm-thick layers on large stones. Coarse inclusions such as mica flakes, quartz, 
charcoal, or pollen grains or soil fauna fecal material appear in the caps. While the 
cappings form, sorting and accumulation of skeleton grains may occur, together 
with some vertical grains and a reverse sorting of particle sizes (Van Vliet-Lanoe, 
1976). The specific surface of the minerals making up the skeleton grains and the 
capability of the grains to be propelled on a thin water film at the front of growing 
ice crystals control the translocation of particles during thaw periods and the sort- 
ing of particles (Corte, 1966; Rowell and Dillon, 1972). For slope situations, this 
sorting process greatly diminishes because of shearing or rotational movements 
(Figures 3.2.11 and 3.2. 3F). 

The accumulation of clean skeleton grains into microfissures occurs rather 
quickly after 5 to 10 freezing cycles; after a minimum of 30 cycles, distinct cap- 
ping of mineral grains or particles develops (Dumanski, 1964). Vertical or heaved 
grains appear after only a few cycles. In alpine or oceanic Arctic environments, 
several frost cycles occur each year, accelerating the process; abundance of snow- 
melt water and low clay content can favor their expression at depth. Often each 
freeze-thaw cycle produces a distinctive layer on the cap or coating. In climatic 
zones with only one effective cycle of frost each year, one can use the de- 
velopment and thickness of the capping for relative chronological purposes, to de- 
termine the rate of formation. 



2.3. Formation of granular fabrics 

Granular fabric (Figures 3.2.1, 3.2.3, and 3.2.5) is very common in Cryosols and 
here refers to the rounded aggregates in soils having very fine silt to clayey tex- 
tures (normal or amorphous colloids). Granular aggregates often occur in contem- 
porary soils that past permafrost has affected; the persistence with time attests to 
their increased resistance. 

Smith et al. (1991) suggested that the alignment of the clay particles near the 
outer surface of the aggregates would contribute to increased strength and stabil- 
ity. Van Vliet-Lanoe (1985) noted that coatings, formed probably as a result of ul- 
tra-desiccation, would make the granular units resistant to cryoturbation effects, 
mass wasting stresses, and collapse on thawing. 

In Cryosols, distinct granular aggregates often occur close to or on the surface 
of such patterned-ground features as sorted circles and hummocks (Figure 3.2. 1C, 
I). These aggregates frequently occur within the active layer. At greater depths, 
they are often at the interface with a material less susceptible to frost (cryoturba- 
tion) or in solifluction lobes (displacement of materials) (Van Vliet-Lanoe, 1976, 
1982; Fox and Protz, 1981; Fox, 1983; Smith et al, 1991). 

In addition, these features can form from disruption of constituted clay coatings 
(papules) or sheets (Van Vliet-Lanoe, 1988a). Capping can develop simultane- 
ously with the mechanical stresses on plastic materials (i.e., clays and organics) 
which can move or protrude into regions or which enclose and/or move mineral 
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grains. This can lead to distinctive soil morphologies, such as “ovoid” (Morozova, 
1965; Bunting and Fedoroff, 1974; Pawluk, 1988), “microcircles” (Konischev et 
al., 1973), or “conglomeric” and “orbiculic” fabrics (Fox et Protz, 1981; Figure 
3.2.5E). 

Because of the rounded surfaces of individual aggregates, granular fabric de- 
rived solely from cryogenic processes sometimes can be confused with biological 
mulching (Van Vliet-Lanoe et al., 1984). Granular fabric (“coffee meal fabric,” 
resembling freeze-dried coffee) commonly occurs at the surface (Figure 3.2. 1C) 
and may occur both in non-permafrost and permafrost regions. It usually occurs in 
the upper portion of the soil most susceptible to freeze-thaw cycles. 

Rotation of soil particles may result from differential frost heave within the ho- 
rizon (Figure 3.2.11), or at the microtopographical scale, or from lateral displace- 
ment by solifluction on slope. Differential thaw consolidation completes the 
movement with aging, particle migration, and water content at thaw (the internal 
or external water supply reduces the shear stresses), as in downslope situations 
(Van Vliet-Lanoe, 1988a). Smith et al. (1991) attribute the development of well 
rounded granular aggregates with distinctive smoothing of the outer surfaces to 
highly saturated soil environments, together with water flow. 



2.4. Fabric stability and particle translocation 

Platy aggregates created solely by desiccation without any compaction are often 
very unstable upon moistening during thaw periods. This is usually the case in the 
A horizon and near the permafrost horizon, where the propagation of the freezing 
front is fast. In contrast, platy aggregates formed at depth by ice lensing under 
natural conditions are usually extremely firm and resistant, despite not being ce- 
mented with amorphous materials as would be the case in an Arctic podsol. The 
formation of platy aggregates may help to explain the reduction of porosity at 
depth (Figure 3.2. 1C, D, E) that Pettapiece (1974) observed. 

The mechanical action of enlarging ice lenses may lead to frost heave of 
freshly frozen material and platy aggregates. The resulting compaction may con- 
tribute to the reduction in internal porosity of the peds observed at very low tem- 
peratures (below -10°C) and the resultant increased stability of the aggregates 
(Van Vliet-Lanoe, 1988a). Exclusion of mineral salts during water freezing also 
can enhance this process, thereby resulting in a strong flocculation (coagulation, 
in Russian) of the particles (Rowell and Dillon, 1972). 

When melting is stow, air that was entrapped in the desiccated peds now can 
exist between the lenses and be expelled during moistening, thereby facilitating 
the preservation of the soil fabric. In contrast, sudden moistening can promote a 
collapse of the soil morphology. In both instances, vesicles (circular shaped pores. 
Figure 3.2.2A, B, D) can form (Van Vliet-Lanoe, 1985). In clayey or organic 
soils, vesicles often are mamillated (Figure 3.2.2B) but usually perfectly rounded 
in silts or silty-sands (Figure 3.2.2A, D). Vesicles often occur in the upper 5 cm of 
the soil but also may occur along cracks or in locations where the presence of 
many rock fragments disturbs the thermal conductivity of the melting soil. Elon- 
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gated pores occur at depth in silty materials and often may correspond to a partial 
collapse of the platy fabric (Figure 3.2.2B, C, E). 

This surficial collapse (partial or total) of the soil promotes particle transloca- 
tion and eluviation of the surface horizons (Figure 3.2.2D), as Schmertmann and 
Taylor (1965) observed, even below a cryptogamic crust (Figure 3.2.2C). A direct 
consequence of this is the constitution of textural accumulations at depth (B silt 
and Bt, Fitzpatrick, 1956; Forman and Miller, 1983; Van Vliet-Lanoe, 1985), re- 
sulting in a modification of the frost susceptibility of the material within the pro- 
file; the same evolution exists between up-slope (depleted) and down-slope posi- 
tions (Van Vliet-Lanoe, 1987). 

Cutanic features (Figure 3.2.2C, F) rarely are preserved, except in drained soils 
as in northern Quebec or in Yakoutia. They generally form from fine silt and/or 
coarse clay and are poorly laminated (Van Vliet-Lanoe, 1985). Heave stresses can 
incorporate particle accumulations as a stress cutan (porostrian) (Figure 3.2.2E). 
Cutanic features form during the spring and summer. They can be silty or coarse 
clay skins in the upper horizons or even fine clays in deep melting soils. They are 
preserved if they accumulate below the lower boundary of ice lensing (the frost 
limit or desiccated layer). This increase in “plastic” colloidal fraction with depth 
may help explain the downward development or enclosure of granular material, 
i.e., “conglomeric” fabric (Figure 3.2.6.) which Fox and Protz (1981) observed 
(Figure 3.2.6E) in the Bs of podsol (Jakobsen, 1989) (Figure 3.2. 6F). 

In tills, under high precipitation and recurrent frost action, strong translocation 
can occur, leading to the development of a B silt layer (Boulton and Dent, 1974; 
Locke, 1986; Frenot et al., 1995) (Figure 3.2.2D). This process also is called 
“pervection.” The occurrence of a capillary barrier also promotes the accumula- 
tion of fines above a coarser, open-work layer (Bybrodi, 1967), leading to exag- 
gerated ice lensing and lateral internal drainage in spring (Van Vliet-Lanoe, 
1995). If permafrost exists, the inverted thermal gradient at the onset of thaw al- 
lows the temporary inefficiency of the capillary barrier (Van Vliet-Lanoe, 1995), 
via enhanced suction at depth and a particle translocation to depth. 

This process shows the effects of freeze-thaw cycles and the direction of the 
freezing front on particle size at centimeter scale. Differences in the specific sur- 
face of grains, as experiments by Corte (1966) demonstrated, can lead to separa- 
tion of the finer from coarser materials, resulting in distinct morphological ar- 
rangements of the coarser and finer soil materials, i.e., orbiculic fabrics (Figure 
3.2. 5E) (Fox and Protz, 1981) with a distinct circular pattern which the coarser 
grains form. 

In mud boils and sorted circles, the surface layers often lose fine particles over 
time and become increasingly susceptible to liquefaction or to forming a structural 
crusting. In contrast, fine particles accumulate at depth, which enhances the ef- 
fects of cryoturbation processes. Needle ice action in combination with subse- 
quent summer rainfall promotes the forming of splash crust (Figure 3.2. 2B) or al- 
ternatively liberates particles or pseudo-particles available for deflation or soil 
translocation. 





Figure 3.2.6. Biochemistry. A. Bacterian iron hydroxide precipitation along a root pore 
(Advent, Svalbard). B. Frost-shattered iron coating, Bwg (northern Quebec, Canada). C. 
Stress calcitic nodules of cyanobacteria, AO of turf hummock (Ny Alesund, Svalbard). D. 
Gypsum crystals and oxalates micrite (cross nicol) in a cryptogamic crust (Advent Sval- 
bard). E. Diatoms in a cryoturbated muck (hummocks of Finnish Lappland). F. Tecamoeba: 
AO/Al of a hummock (Finnish Lappland). G. Dissolution of limestones by cyanobacteria 
(inbedding with a fluorescent plastic, reflected UV light) (Blomstrand, Svalbard); cryp- 
toendolithic algae development in a sandstone (natural, reflected fluorescent blue light; Ny 
Alesund, Svalbard). Photos by Van Vliet-Lanoe. 
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One can confuse these structural crusts with liquefaction at the surface of pat- 
tern ground (“mudboils,” if previous ice lensing partly deformed them in winter). 
“Mud cutans,” as Kubiena (1970), Fitzpatrick (1956), and Wilkinson and Bunting 
(1975) described, can result from this process as well as from percolation of sur- 
face runoff. 



2.5. Frost shattering and stone jacking 

Frost jacking or frost heave displaces individual particles to a vertical position, 
especially coarsely sized particles. Vertically oriented particles occur at both mac- 
roscopic and microscopic scales (Figure 3.2. IH, F and 3.2. 3FI). The vertical posi- 
tion results from the traction exerted by growing ice lenses on fragments (stones, 
bone fragments, nodules) included in a matrix susceptible to frost. It leads pro- 
gressively to rotation and the vertical alignment of the clasts. 

Experiments by Kaplar (1965) and Pissart (1969) have demonstrated this. A 
large open pore at the base of affected fragments is a good indicator that this proc- 
ess is present (Van Vliet-Lanoe, 1976; Fox and Protz, 1981). The fact that the 
clast sets up a hydraulic barrier enhances this process (Van Vliet-Lanoe and 
Dupas, 1991). Because the fragments are rotated (Figure 3.2. 3H), any silty cap 
that may have formed on the upper surface now appears at the side or bottom of 
the fragment, following successive rotations. Fox and Protz (1981) defined a mi- 
crofabric dominated by vertical clasts as “succitic.” 

Nevertheless, frost jacking is always in competition with other displacement 
processes, such as solifiuction, that cause the fragments to align in a predominant 
direction (Harris and Ellis, 1981) (Figure 3.2. 3E). Frost shattering, a result of in- 
creasing the moisture retention in a fissure with subsequent ice growth, is com- 
mon in rocks and may occur in combination with dissolution, biological activity, 
and particle migration (Figure 3.2. 3G, H). Frost shattering also may affect 
pedofeatures, i.e., disrupting soft iron nodules, clay coatings (papules), or carbon- 
ate precipitates that may be remnants from milder or dryer pedoclimates, into 
rounded fragments (Figure 3.2.5B). 



2.6. Summary of soil fabric types related to cryogenic processes 

Cryogenic processes result in distinctive soil morphology patterns. Displacement 
of materials realigns coarse and clay-sized materials, rotates aggregates and min- 
eral particles, sorts both coarse and fine fractions of the soil material, and pro- 
trudes soil material from one area to another in the soil profile. Compaction pro- 
duces massive soil material and influences both the alignment of particles, 
through packing, and the shape of aggregates, due to compression from the forma- 
tion of ice lenses. Cryogenic processes influence pore shapes and sizes, resulting 
in planar voids, cracks, and vesicles. 

Figure 3.2.4 summarizes the types of fabric (Fox, 1994) observed in soils af- 
fected by cryogenic processes. The lines joining the various fabric types indicate 
the main contributing process or processes that produce a particular arrangement 
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of soil fabric. The main cryogenic processes lead to displacement of particles by 
vertical alignment, sorting, rotation, and inclusion of materials from other areas in 
the profile, various types of pore formation, and compaction of soil material 
through removal of water, due to freezing. The terminology used to identify the 
different patterns comes from Brewer (1964,1976), Pawluk and Brewer (1975), 
Fox and Protz (1981), and Brewer and Sleeman (1988). 



3. Biological Processes 

Weak humification or, alternatively, the absence of humification in wet soils at 
high latitude or high altitudes, dominates humus formation. Cryogenic deforma- 
tions may translocate plant residues into middle and lower parts of the soils, in the 
form of fragments or particles that ice lensing breaks apart. In very cold and per- 
manently waterlogged conditions, as in Western Svalbard, or at high altitude, as 
on the shore of Tibetan Lake, humification can be nearly absent, so that even the 
chlorophyll may be partly preserved. 

Humification is often reddish brown in waterlogged conditions (peat). In more 
drained conditions, it evolves to blackish colors (Van Vliet-Lanoe, 1988a), or 
black (i.e., melanization) induced by frost desiccation and sometimes by the pres- 
ence of Ca^ (Ugolini, 1996; Ugolini and Sletten, 1988). This polymerisation and 
microdivision led to Karayeva and Targulian’s (1960) development of the concept 
of “cryogenic humus retinization” (Figure 3.2.6G). 

Under lichen tundra, the antibiotic properties of lichen acids can reduce bacte- 
rial digestion (Hrutfjord and Ugolini, 1984). Bacterial activity and the oxidation- 
reduction potential control most of the iron precipitation in thin section (Figure 
3.2. 5A). Released iron hydroxides impregnate various components of the aggre- 
gates, charcoal fragments, and plant remains. This leads also to the “black chips” 
or Svalbard peat and humus, consisting in iron-stained whole leaves of Salix or 
Dry as, 

A common observation is the high frequency in the Al horizons of ecto- 
mycchorizes (Figure 3.2.6A), in association with Dry as, Salix, or Betula roots 
(Van Vliet-Lanoe, 1986). Hyphae of various basidiomycetes and actinomycetes 
are common, along with spores and sclerotia in well to poorly drained humus. 
Bleached areas in the Al horizon often relate to mycelium’s causing the partial 
digestion of the amorphous organics, as in Northern Finland and Ungava. Mineral 
weathering of calcite and quartz grains by dissolution often results in vermicelli 
patterns or hatching on the grains (Figure 3.2.5G). 

These patterns often relate to the prospecting of hyphae or rhizules for mineral 
nutrients. The indentations result in increased porosity of grains, which in turn in- 
creases their frost susceptibility. The precipitation of organic material or accumu- 
lation of droppings into the fissures can enhance this susceptibility to frost, 
thereby increasing the migration potential of water. The presence of diatoms, 
chrysophycae, and tecamoeba (Figure 3.2. 6H) in organic layers are also evidence 
of water logging during thaw periods. 
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Different types of organic matter can appear under a light microscope with 
normally transmitted light or under epifluorescent microscopy. Lignin, cellulose, 
and sporopollinin (pollen grains) are usually strongly fluorescent (Altemuller and 
Van Vliet-Lanoe, 1985). Dark mycelium is usually absorbing (black) and chloro- 
phyll (chloroplastes) is reddish in fluorescence. Humified fractions become in- 
creasingly black with the degree of polymerisation. Humic acids which consist of 
large molecules are black, though fluvic acids are small molecules and fluoresce 
mostly in the brownish-orange range, as occurs in the lower Bh of Spodols. 



3.1 . Holorganic deposits (peat) 

In acidic conditions, peat usually is constituted by reddish, humified, more or less 
compacted mats of Sphagnum or other mosses (Figure 3.2. 5B, C), locally associ- 
ated with vivianite, some diatoms, and no bioturbation. 

In neutral to alkaline conditions, peat is constituted by the accumulation of dark 
to black humified organic fragments of various species, rich in diatoms and often 
phytoliths, shells, aquatic snails, postcards, and algae calcite. Fragments are usu- 
ally well preserved. Exceptionally, chlorophyll may be preserved (epifluorescence 
microscopy). Bioturbation is present. Bacterial pyritization (framboids) may have 
occurred. 

In some situations, pure algae peat can form in an eutrophic environment, lead- 
ing to amorphous organic material with a specific oncolithic fabric (i.e., Lapland, 
northern Quebec [Van Vliet-Lanoe and Seppala, 2000]). 

In some terrestrial environments, importation of materials by rill wash or ae- 
olian processes occurs; mineral grains, papules, and charcoals appear. Change in 
humification (darkening) by frost desiccation (Ugolini and Sletten, 1986), oxido- 
reduction (drainage), and vegetation (root prospecting) indicates climate or drain- 
age modifications. This seems common in Svalbard (Frenot and Van Vliet-Lanoe, 
1995), northern Quebec (Van Vliet-Lanoe, 1998), and Siberia (Gubin, 1987). 



3.2. Minerorganic deposits 

Minerorganic deposits are rich in mineral fraction, usually interstratifled with pure 
organic beds. The deposits represent lacustrine or colluvial landscape positions. 
Darkening of organic materials usually indicates oxidation-reduction processes or 
alkaline conditions. Bacterial pyritization (framboids) can exist at shallow depth 
or in association with a wet cryptogamic crust, especially in brackish conditions 
(Svalbard). 

A complex environmental setting for deposition of fluvial materials exists 
when floated woods and low diatom content combine. Humus formation can be 
raw, either synchronous with Sphagnum growth and aeolian deposition (Figure 
3.2.5C), or with grassy vegetation (arctic meadow) with an aeolian fraction of silt, 
90% mulched by enchytraeids worms and collembolla (Svalbard), which leads to 
a lightly colored moder (lOYR 4/4). Special humus forms occur downslope of 
snow banks as stratified leaf fragments, combined with faecal material of various 
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sizes from soil fauna and diatoms, such as in northern Ungava (northeastern Can- 
ada). Similar deposits occur in the organic materials that accumulate in trough ar- 
eas between hummocks in the High Arctic. 



3.3. Humus and pedoturbation 

Organic horizons in Cryosols have both litter and humus components. Leaves, 
needles, wood fragments, and seeds, together with humification agents such as 
mycelium, algae, and faecal material from various arthropods and worms, mostly 
compose the litter. Usually, no mineral material is present except for some parti- 
cles which aeolian or needle ice processes introduce. Sometimes burned in situ, 
most of the large organic fragments can be carbonized (Bunting, 1973) (Figure 
3.2. 5D), and cryogenic processes translocate smaller fragments to depth. Large 
charcoal fragments can further evolve as porous mineral grains. The humus is 
weakly to strongly humified, weakly to strongly bioturbed, and intermixed with 
mineral matter (Bunting and Hathout, 1971). 

In acidic humus (mor, ranker), humification is low despite a high coprogenic 
activity (Figure 3.2. 5H). Mycelium activity is important and bacterial digestion is 
less so, especially in tundra or heath soils. Acarina (i.e., Oribatida), collembola, 
and nematodes mostly represent soil fauna in wetter places (Remmert, 1980). Fly 
and beetle larvae are also very active, as the common presence of their faecal ma- 
terial in drained sites shows. The integration rate of mineral soil is low. 

In slightly acidic soils, such as Arctic meadow soils, enchytraeids (white pot 
worms) and collembola (springtails) are common. Organic integration into the 
mineral soil is imperfect. Some other worms, like Dendrobena, are very rare and 
only active in the upper humus. Flies, mites, and beetle larvae are very efficient. 
In mull, ranging from boreal to chemozemic soils, as in Yakoutia, on permafrost 
(Dendrobena), worms are the most efficient, in association with snails. Integration 
of the organics to the mineral soil is mostly complete. Humification is rather dark, 
because of the presence of calcium and of desiccation (as also frost). Calcite con- 
cretions of salivary glands of earthworms occur. 

An incipient form of humus is the cryptogamic crust (mosses, algae, lichens), 
extremely important in an aridic, cold, or post-fire environment (Figure 3.2.2C). It 
reduces the erosion susceptibility of the soil and, when the soil is dry, the crust’s 
hydrophobic comportment promotes rill concentration. It is extremely susceptible 
to the action of needle ice and trampling, but it resists frostcreep and cryoturba- 
tion. It is a “biotextile” consisting of hyphae (lichens), mosses, and cyanobacteria. 
In central Svalbard, this humus is very thin, often associated with microarthropod 
faecal material, occasional gypsum crystals (Figure 3.2. 5D) or cyanobacteria 
stress cyst (aragonite) (Figure 3.2.5C). In addition, the organic material combines 
with the aeolian silts and seasonal iron bioprecipitation. 

In more continental regions such as Yakoutia, when the available humidity is 
locally important, true mull, churned by earthworm (Dendrobena), occurs. But the 
most common form is a mor humus, mostly 50 to 70% coprogenic, related with 
the seasonal digestion and mulching of microarthropods, collembolla, and nema- 
todes. Insect larvae droppings are common in the litter, as well in discrete vegeta- 
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tive mats, on pattern ground and thick raw humus. As the humification process is 
weak, dilaceration by ice lensing is common, leading to dusty organic accumula- 
tion at depth and micro-cracked accumulation of gel-like products (monomorphic 
organics). 



4. Organo-Chemical Weathering 

Two of the main physical factors contributing to the evolution of Cryosols are 
spring water logging and frost desiccation. Since suction potential at -20°C can 
extract the adsorbed water, this water film’s activity becomes very high (Chaussi- 
don and Pedro, 1979), which promotes weathering at very high pF. This explains 
the formation of thin iron coatings at the surface of rocks, as reported for the Ant- 
arctic (Campbell and Claridge, 1987), and Konishchev and Rogov (1982) ob- 
served the solution’s hatching on minerals. 

Biodegradation of humus is very slow. Thus, small organic molecules like 
fiilvic acids (seen as fluorescent gels in thin sections) accumulate, as well as the 
nitrates that cyanobacteria produce. Cold temperatures favor the retention of car- 
bon dioxide in water, so that acidity in microsites can become extremely high, 
leading to rapid decalcification and easy organo-complexing of iron. This process 
complements the low oxido-reduction potential that water maintains via frost de- 
gassing and water logging. Iron, aluminium hydroxide, and silica ions can migrate 
with the thermally induced water potential, especially to the permafrost table, 
starting from the onset of thaw (Tyutyunov, 1964), leading to an accumulation of 
gels in this horizon (Figure 3.2. 5F) or close to it, when pH rises (i.e., imogolite) 
(Ugolini and Sletten, 1986). 

Iron hydroxides are mostly of bacterial origin, as they occur either along root 
tracks in soil, likely formed during summer and broken apart or crushed after be- 
coming firm during winter (Figure 3.2.6A, B), or on open fissures left by ice lens- 
ing at the permafrost table, i.e., in paisa. Materials sampled from under surficial 
water ponds (or the trough portion of ice wedge furrows) also are stained from 
thick iron accumulation. Thin section shows this accumulation to be cyanobacteria 
mucigels, stained with ferri-hydrite intermixed with diatoms (Figure 3.2.6E). 

The soil matrix characterizing many patterned ground sites which have devel- 
oped on palaeozoic dolomitic limestone parent materials (i.e., the sorted circles of 
Western Svalbard; Canadian and Greenland shields; or the Southern Lena valley 
[Siberia]) has a mineral grain component of authigenic crystals of residual dolo- 
mite, with occasional pinkish residual clay, leading to B horizon silt accumulation 
(Tedrow, 1975). This material is extremely unstable during thaw. Massive mineral 
material with weak orientation of silt-sized particles, abundant vesicles, and frost- 
jacked rock fragments with silty caps characterizes the soil microfabric (Figure 
3.2. IH). At depth, the clay content increases and the cryogenic fabric is partly 
preserved. Carbonate cement never occurs, though some organic particles can be 
translocated at depth. 

Carbonate precipitation is rare, except for calcite or dolomite pendants (Sweet, 
1974). These consist of stratified fibro-radiated calcite (rarely dolomite), forming 
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microstalagtite in either rock fissures or below blocks in porous soil (beaches 
gravel, scree). They occur at the base of surficial blocks when lichen deriving 
from calcium oxalates colonized them, or in shallow temporary ponds that pre- 
cipitation of cyanobacteria produces (Svalbard, Antarctica). Deeper, in the drained 
active layer, they relate to cryodesiccation of soil solution, as isotopic analysis 
shows (Marlin et all 995), in relation to some biological activity. 

These microstalagtite forms do not differ from those of other aridic environ- 
ments (Freytet and Verrecchia, 1998), despite many affirmations in the literature. 
Wetter climate conditions can induce a partial solution before a new precipitation 
or frost shattering detaches them from the support, especially when silts infiltrate 
the profile. 

Their exceptional preservation in cold environments relates to low biological 
mulching. Other forms of precipitation derive from oxalate accumulated in root 
tissues of grasses (Parfenova and Yarilova, 1974). Bacterial concretions may form 
in silty material at the level of the water table (talik) or along root tracks, but this 
also is not specific to Cryosols (Ivarson, 1975). 



5. Cryoturbation and Slope Processes 

Most of the soil processes are similar to those of boreal pedogenesis. Cryoturba- 
tion and movement of materials on slopes can modify the frost susceptibility of 
the horizon; with time, these processes cause differential frost heave or transloca- 
tion of materials between superposed or juxtaposed soil horizons. 



5.1. Cryoturbation processes 

Cryoturbation involves many mechanisms: aggregate rounding by stress and rota- 
tion, in response to differential frost susceptibility of the soil horizon or sedi- 
ments; slow upward injection of sediment along fissures (thermal or desiccation); 
translocation of particles and their integration by stress processes into soil aggre- 
gates. Micromorphological analysis of materials sampled from active field sites, 
as well as experimental laboratory analyses, led to several important conclusions 
(Van Vliet-Lanoe, 1988a, 1988b). 

We identified the annual sequence of plastic deformations related to frost and 
to the translocation of particles during melt. In other words, the preservation of 
the platy fabric during the summer shows usually that liquefaction does not take 
place during spring (on a flat surface) and that most of the plastic deformation of 
layers at the microsite scales occurs just before the frost consolidation. 

We showed that the progression of the freezing front could be made from the 
successive positions of the ice lenses, which often related to textural composition 
(capillary and adsorbed water content) (Figure 3.2. 3A, B, C). This allowed us to 
define a contrast in frost susceptibility between two sediments and to define a gra- 
dient of frost susceptibility that gives the direction of the contrast: it is positive if 
the upper layer is more susceptible than the underlying one. 




S. 3, Ch. 2 Micromorphology of Cryosols 



383 



We identified the dominant mechanism behind cryoturbation: the stresses re- 
sulting from ice lensing and expressed in the field, in the form of differential frost 
heave and deformation, are recorded in the sediments in the form of platy fabric, 
elongated vesicles, or cappings in a silty or sandy matrix. We consider the 
pseudo-liquefaction observed commonly in the field to be, in fact, splash crusting 
(Figure 3.2.2B). 

Cryoturbated materials mainly result from differential heave, related to drain- 
age differences associated with thermal conditions (thermal gradient) and with 
frost susceptibility (the intensity related to porosity, texture, amorphous content, 
and mineralogy). Load cast and cryostatic pressures tend to be restricted to wet 
soils. Most of the cryoturbated features relate also to seasonal frost in imperfectly 
to poorly drained soils. They do not indicate permafrost except in well drained 
situations or in the case of flat-bottomed involutions. Deformations and transloca- 
tion processes are also very similar, in morphology and appearance, to those in 
swelling clay soils (Van Vliet-Lanoe, 1988a) 



5.2. Solifluction processes 

Solifluction is usually considered the result of frost heave (and thus the frost sus- 
ceptibility) of the soil, orthogonal to the topographical surface, and of the soil’s 
thaw consolidation in response to gravity (Figure 3. 2. 3D, E, F). Harris and Ellis, 
(1981), Harris (1986), and Van Vliet-Lanoe (1982, 1985, 1988a, 1995) performed 
microfabric analysis of materials subjected to solifluction. Basically, platy fabric 
can be deformed plastically up to granular fabric (gelifiuction). But micro-erosion, 
as in the case of repeated freeze-thaw microfabric, is active during the same time. 
Field data from motion measurements and micromorphological investigations 
show these coherent processes (Figure 3.2.7.): 

• A laminar soil displacement (slipping) occurs plate by plate, as the successive 
ice lenses melt (Figure 3. 2. 3D). 

• Both the lateral water supply (i.e., the effect of slope or snow bank) and its 
drainage capability accentuate the displacement of materials. Well aggregated 
material (granular) drains like a sand, and its mobility is limited, in contrast to 
that of collapsing silty fabric, which is unable to drain freely. The excess hy- 
draulic pressure results in motion, evolving into a mud flow characterized by 
massive vesicular fabric and preservation of silt cappings on clasts. 

• Slow motion (frost creep: few mm/cycle) gradually changes to high motion 
(mud flow: few meters). 

Many macroscopic forms (i.e., solifluction sheet, lobes, elongated patterned 
ground) investigated from a micromorphological viewpoint present clear frost- 
creep fabrics. The granular fabric’s gelifiuction is often active only superficially. 
The microfabric approach to periglacial dynamics allows recognition of the main 
process responsible for the observed morphology, but it does not necessarily re- 
cord the initial phase of sedimentation. But we easily can combine these observa- 
tions with observations of cryoturbation processes (i.e., differential frost heave 
and frost susceptibility contrast and gradient) to understand the macroscopic de- 
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formations on slope. Micromorphology usually confirms the existence of both dy- 
namics. 
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Figure 3.2.7. Relationship between displacement domain (a), and (b) microfabric, slope 
dynamic, drainage, and aggregate stability (Van Vliet-Lanoe, 1995). 
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6. Applications for Micromorpological Assessment of 
Cryogenic Processes 

6.1. Geotechnical applications 

Van Vliet-Lanoe and Dupas (1991) used micromorphology in Cryosols to under- 
stand the soil’s ability to develop ice lensing around a chilled gas pipeline. Re- 
placing ice with plastic allowed us to recognize why ice lenses nucleated in rela- 
tion to a minute difference in soil’s hydraulic conductivity. Gubin and Gulyaeva 
(1997) also comparatively studied the microfabric of frozen soils (Figure 3.2. ID, 
E). 



6.2. Applications to soil classification 

Cryosols are soils whose materials are affected by freezing fronts from the surface 
and from the permafrost zone. Various cryogenic processes result, causing dis- 
placement of materials, compaction, and re-organization of the structure which, in 
turn, cause distinct horizons to develop. Micromorphological assessment provides 
evidence for these cryogenic processes; identifies the dominant process or combi- 
nation of processes that have contributed to the formation of the soil fabric; and 
provides information for interpreting the intensity or extent of the impact of cryo- 
genic processes on soil materials. 

The effects of cryogenic processes on soil material is observable at macroscales 
in the field and at microscales under detailed microscopic analysis of associations 
between the soil material and soil pores. Field macrostructure strongly relates to 
micromorphology (Smith et al., 1991). Granular structure in the field appears as 
granic or granoidic fabrics in thin section; blocky and lenticular structure, as frag- 
mic and fragmoidic; and massive structure, as porphyroskelic or porphyric fabrics. 

In some cases, what appears to be massive in the field, when examined in thin 
section may be closely packed lenticular structural units or granular material, or 
we may find that the coarser particles have been sorted or aligned so as to create a 
distinctive morphology, i.e., silt cappings. Such observations from thin section 
help provide detailed information on the specific effects of cryogenic processes 
active in these soils now or for an extended time in the past (Van Vliet-Lanoe, 
1998). 

With respect to the Canadian Soil Classification System, micromorphological 
assessments of the type of fabrics related to specific cryogenic processes will pro- 
vide supporting evidence for cryoturbation, which is a classification requirement 
for the Turbic Cryosols. The main processes in these soils include sorting of dif- 
ferently sized particles and mixing of both mineral and organic material from dif- 
ferent horizons (Soil Classification Working Group, 1998). 

In the study of paleosol materials, we can use to advantage the fact that cryo- 
genic processes result in very distinctive fabrics which reflect freeze-thaw cycles 
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and the presence of permafrost. When more than one of the distinct fabrics occur 
in soil materials from suspected paleosols, they are evidence of permafrost condi- 
tions in past soil environments, and one thus can assign a taxonomic designation 
for permafrost. Understanding the past history provides data for identifying soil 
properties affected by climate change. 



7. Conclusions 

Micromorphological descriptions provide data that helps explain the cryogenic 
processes which produce particular pedological features at both microtopographi- 
cal and soil horizon scale. It facilitates defining the successive events recorded in 
the soil as pedofeatures from previous edafic or climatic conditions. Mechanical 
processes predominate over weathering or biological activity in Cryosols, in strik- 
ing contrast with other soil types except swelling clay soils, but they never mask it 
completely. The presence of two freezing fronts and the predominance of physical 
displacement of materials through the formation of ice lenses are the main charac- 
teristics for defining Cryosols and the main contributing factors for producing dis- 
tinctive soil morphologies in these soils. 
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1 . Introduction 

Cryosols are soils whose development is affected by permafrost, ground that re- 
mains frozen for two or more years (ACGR, 1988). Cryosols develop both within 
the active layer, the surface layer of the ground above permafrost that freezes and 
thaws each year (Muller, 1947), and in the upper portion of the permafrost. For 
the requirements of classification, the control section for a Cryosol may be 1 or 2 
m deep and must contain permafrost (Soil Classification Working Group, 1998; 
Soil Survey Staff, 1999). 

This chapter reviews the thermal regime of the active layer and near-surface 
permafrost, illustrating various points with field data from the Yukon and western 
Arctic Canada. This region encompasses a range of permafrost and active-layer 
conditions, from isolated patches of perennially frozen ground in southern Yukon, 
to continuous permafrost along the western Arctic coast (Figure 3.3.1; Smith et 
al., 1998). 

The fluctuation of temperature within the soil, or the soil’s thermal regime, oc- 
curs in response to variations in both air temperature and conditions deeper in the 
ground. After briefly considering the thermal regime of permafrost, this paper 
considers: (1) factors that affect the relation between air temperature and ground 
surface temperature; (2) propagation of the surface temperature wave into the soil 
and the development of the active layer; (3) mechanisms of heat transfer within 
the soil; and (4) the overall impact of the active layer’s development on annual 
mean ground temperatures. While the discussion has a theoretical framework, it 
emphasizes the physical variables that influence field conditions. 





Figure 3.3.1. Permafrost map of the Yukon and adjacent Northwest Territories, Canada, 
indicating locations for which this chapter cites data (after Heginbottom et al., 1995). 



2. Thermal Regime of Permafrost 

Figure 3.3.2 illustrates the thermal regime of permafrost terrain under equilibrium 
conditions. The two principal features are an increase in ground temperatures with 
depth and an envelope of ground temperature near the surface. The envelope de- 
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scribes the range in near-surface temperature that occurs as a result of the seasonal 
variation in air temperature. The two sides of the envelope represent the annual 
maximum and minimum temperatures at each depth. The depth at which the dif- 
ference between the annual maximum and annual minimum temperature is 0.1°C 
represents, for practical purposes, the depth of zero annual amplitude, zq. The 
temperature at this depth is the annual mean ground temperature, Tg, which is dis- 
tinct from the annual mean soil temperature, T^/, measured 50 cm below the 
ground surface. 



thermal offset 




Figure 3.3.2. The thermal regime of permafrost terrain under equilibrium conditions (after 
Bum and Smith, 1988). 
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Table 3.3.1. Thermal properties of soil materials. 


Material 


Thermal conductivity 


Heat capacity 


Thermal diffusivity 




X, W/m/C 


C, J/mVC 


K, m^/s 


Air 


2.2 X 10’^ 


8.6 X 10^ 


2.6 X 10'" 


Water 


5.6x 10-‘ 


4.2 X lO" 


1.3 X 10-'' 


Ice 


2.2 X 10" 


1.9 X 10" 


1.2 X 10'" 


Quartz 


8.0 X 10" 


2.1 X 10" 


3.8 X lO " 


Mica 


3.0 X 10" 


2.4 X 10" 


1.2 X 10'" 


Feldspar 


2.0 X lO" 


2.0x10" 


1.0 X 10'" 


Granite 


2.0 X 10" 


2.1 X lO" 


9.5 X 10-’ 


Limestone 


2.9 X 10" 


2.5 X 10" 


1.2 X lO " 


Shale 


1.5 X lO" 


1.6 X lO" 


9.4 X lO-'' 


Peat (dry) 


6.0 X 10'^ 


5.8 X 10" 


1.0 X lO ’ 


Peat (wet) 


5.0x 10‘ 


4.0 X 10" 


1.2 X lO’’ 


Peat (wet, frozen) 


1.1 X lO" 


1.6 X lO" 


6.8 X 10'^ 



Latent heat of fusion of water: 3.33 x 10^ J/m^. 

Latent heat of vaporization of water: 2.45 x 10^ J/m^. 

Data from Williams (1982, Tables 5.1 and 5.2); Williams and Smith (1989, Table 4.1). 



Lower in the profile, the temperature increases with depth, due to the geother- 
mal flux (Judge, 1973). The base of permafrost occurs where the profile crosses 
0°C. The geothermal flux, Q (~ 0.05 W/m^), relates to environmental variables by: 

Q - X(^) (3.3.1) 

dz 

where X is the thermal conductivity of earth materials (W/mV°C), T is temperature 
(°C), and z is depth (m). Table 3.3.1 provides a range of values for X. Under equi- 
librium conditions, with a linear temperature profile, the base of permafrost is at 
depth Zb below z^, where: 

Q = M-) (3-3.2) 

Rearrangement of equation 3.3.2 indicates that the depth of permafrost is di- 
rectly proportional to X (Williams and Smith, 1989, p.95). Increases in occur as 
a result of an increase in the quartz content of ground materials, and when water 
or ice replaces air in the pore spaces. One can estimate the thermal conductivity of 
a composite ground material with (Johansen, 1975): 

A = (3.3.3) 

where X, X^ X^, and Xi are the thermal conductivities of the ground, mineral 
materials, water, air, and ice, respectively, p is the porosity, and q and r are the 
volumetric fractions of air and ice. 

Development of Cryosols occurs primarily in the active layer, but features es- 
tablished during previous soil development also are often evident in the upper 
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portion of permafrost (e.g., Bum et al., 1986; Bum, 1997). Although the active 
layer is defined in terms of temperature (Bum, 1998a), an ice-rich zone at the top 
of permafrost usually underlies the base of the active layer (Mackay, 1970). The 
ice-rich zone forms by downward movement of water into permafrost during 
freezing of the ground at the end of summer (Mackay, 1983; Bum and Michel, 
1988; Harris, 1988). This horizon, with its high volumetric latent heat content, 
impedes further active-layer development once the surface has thawed. A conse- 
quence of this ice-rich zone is that the active-layer thickness in most Cryosols var- 
ies little from year to year, perhaps by 10%. 



3. Ground Surface Temperature 

At regional scale, the ground surface temperature (Ts) directly relates to air tem- 
perature (Ta), so that, as Ta declines, the proportion of the landscape underlain by 
permafrost and Cryosolic soils increases (Heginbottom et al., 1995). Ts is a prod- 
uct of the surface energy balance, representing the flux of energy at the ground 
surface: 

Q = Qh^Qe^Qg (3-3.4) 

where Q* is the net radiation, Qh is the sensible heat transfer between the ground 
and atmosphere, Qe is the evaporative flux, and Qg is the soil heat flux. Each of 
these fluxes depends on conditions within the ground or at the ground surface. 
The albedo, which changes seasonally as snow cover accumulates or melts, and 
changes in vegetation cover, most drastically wrought by forest fire, influence 
(Rouse, 1976). Turbulence at the ground surface influences Qh, which depends on 
the stmcture of vegetation, with more developed plants increasing the loss of heat 
from the surface. Qe depends on the availability of moisture at the ground surface 
and the ability of vegetation to transpire once the surface is dry. Qq relates to the 
thickness and density of the snow cover and to the nature of soil materials, vary- 
ing directly with bulk density and moisture content through thermal conductivity. 

Any combination of these fluxes, at a specific site, has a unique value of Tg, 
which numerical methods can estimate (Outcalt, 1972). Variations in these fluxes 
explain the spatial variation in Ts responsible for discontinuous permafrost be- 
neath much of the boreal forest in North America. At the southerly margins of 
permafrost in the northern hemisphere. Organic Cryosols occur in peatlands with 
peat plateau bogs (Zoltai et al., 1988). At these sites, the water table is close to the 
surface, promoting evaporation, and A is low when the peat is dry in summer 
(Brown, 1970). Characteristically the peat becomes wet in autumn from rain and 
intermittent snowmelt before it freezes, and A increases (Nicholas and Hinkel, 
1996). At such sites, soil thermal properties and moisture conditions combine to 
sustain permafrost. Throughout much of the discontinuous permafrost zone, 
drainage determines the location of Cryosols, so that moist sites may support 
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Cryosols, while drier sites support non-Cryosolic soils, typically Brunisols or Re- 
gosols (Swanson, 1996). 

In central Yukon, an investigation by Williams and Bum (1996) determined 
that Cryosols occur where the gravimetric moisture content of mineral soil at a 50- 
cm depth remains over 25% and the surface organic horizon is over 10 cm thick. 
These factors override the importance of aspect, forest type, and elevation in the 
study area near Mayo (Figure 3.3.1). The same ranking of factors is likely appro- 
priate over large parts of the boreal forest, although the critical values for devel- 
opment of permafrost may vary. For conditions representative of Whitehorse, YT 
(Figure 3.3.1), modelling indicates that the influence on ground temperature of 
changes in soil moisture content may be greater than variations in air temperature 
expected during climatic change (Smith and Riseborough, 1983). 

Soil moisture content and the thickness of surface organic accumulations are 
controlling variables associated with summer soil temperatures. In winter, varia- 
tions in snow depth predominantly influence Ts (Mackay and MacKay, 1974). The 
snow provides insulation from frigid air temperatures. In the boreal forest, snow 
depth is broadly uniform, although variable around trees, and its effect on the dis- 
tribution of Cryosols is secondary (Sturm, 1992), except in peatlands near the 
southerly limits of permafrost (Camill, 1999). Another exception occurs near riv- 
ers and lakes, where accumulation of snow blown off the ice into willow and alder 
thickets at the water’s edge may lead to permafrost eradication (Smith, 1975). 
However, an abrupt cooling of soil temperatures occurs across the tree line 
through the transition to tundra, where the snow cover is thinner and packed more 
densely than in the forest. In 1993 at Inuvik, N.W.T., south of the tree line. Smith 
et al. (1998) estimated an annual mean surface temperature (AMST) of -1.7°C, 
while north of the tree line, at Parson’s Lake, 60 km from Inuvik, they estimated 
the AMST at -5.5°C. 

The effects of forest fire illustrate the critical importance of surface conditions 
on Ts. Ground temperatures usually increase after forest fire, not because of the 
heat of the fire, which is a transient phenomenon, but due to the surface distur- 
bance. Removal of vegetation reduces shade and evaporation, raising Ts\ eradica- 
tion of the canopy leads to increased snow depth in winter. The result is an in- 
crease in soil temperatures, active-layer depths, and permafrost degradation 
(Viereck, 1982; Mackay, 1995; Bum, 1998b). 

Ground temperatures collected over several years near Mayo, central Y.T., and 
in Takhini River valley, near Whitehorse, southern Y.T., illustrate the variation in 
soil temperatures within small areas, due to differences in surface conditions, soil 
composition, and moisture content. At Mayo, in the widespread discontinuous 
permafrost zone (Figure 3.3.1), near-surface ground temperatures have been 
monitored to a 5-m depth since 1985 at seven sites. 

Table 3.3.2 indicates the range in soil temperature at a 50-cm depth (T^/) and in 
active-layer depths between September 1987 and 1988 at these sites. The mean 
value for Tsi at the seven sites was 0.1 °C, and the range in this variable was 1.8°C. 
At the same sites, the mean and range for Tg were -0.6® and 2.4®C, respectively. In 
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the Takhini River valley, in sporadic discontinuous permafrost (Figure 3.3.1), the 
range in Tsi for 1998-99 (-1.3® to 1.8®C) illustrates the difference between perma- 
frost-free sites, a site with permafrost, and a site burned by a forest fire in 1958, 
where, in 1999, permafrost was still degrading. At the permafrost- free sites, the 
data illustrate the effect of snow on annual mean ground temperature, for one site 
is undisturbed and, at the other, the snow cover is cleared every fortnight. 

Figure 3.3.3 presents the annual ground temperature cycle from a 50-cm depth 
at the permafrost-free sites in 1997-99. The effect of snow’s clearing is evident in 
cooler soil temperatures not only in winter, but also in summer, even though sur- 
face conditions are then similar. This indicates the influence of subsurface condi- 
tions, i.e., Qg, on T^/, for the cooler near-surface temperatures are in response to 
cooler ground at depth. 




Figure 3.3.3. Soil temperatures at a 50-cm depth over two years, starting in September 
1997, from two sites without permafrost in the Takhini River valley (T1 and T2, Table 
3.3.2), 50 km west of Whitehorse, YT. The sites are adjacent to each other, but at one the 
ground surface was cleared of snow every fortnight throughout the winter. The mean tem- 
peratures over the two-year period for the undisturbed and cleared sites were, respectively, 
2.3^" and 1.0°C. The temperature measurements were made with calibrated thermistor ca- 
bles. 
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4. The />Factors 

The ^-factor, or ratio of air-to-ground surface temperature, summarizes the rela- 
tion between air and ground surface temperatures for modelling purposes (Lunar- 
dini, 1978). An ^-factor is determined for the thawing season, rit, and for the 
freezing season, Uf. The values of w^and rit are usually the ratio of freezing degree- 
days in the air and at the ground surface and the ratio of thawing degree-days, re- 
spectively. The value of normally declines as depth of snow increases (Taylor, 
1995). Most ^-factors available for natural surfaces have been determined empiri- 
cally, but some theoretical values are available for engineered surfaces (Lunardini, 
1978; Jorgenson and Kreig, 1988; Taylor, 1995; Bum, 1998b; Smith et al., 1998). 
Characteristic values from sites in the boreal forest of northwest Canada are 0.5 to 
0.6 for Hf and 0.1 to 0.3 for «/(Taylor, 1995; Bum, 1998b). Data sets from natural 
sites in Alaska have provided slightly higher determinations (Jorgenson and 
Kreig, 1988). 



5. Soil Thermal Regime 



Soil temperature varies diumally and annually following changes in 7^. The 
ground temperature gradient and soil thermal conductivity dominate heat flow 
upward or downward within the soil, as in equation 3.3.1. At a point where the 
temperature gradient changes, the difference in heat flux above and below the 
point indicates the energy available to cool or warm the soil. The specific heat ca- 
pacity of the soil, C (J m'^°C'^), the energy released or required to change the tem- 
perature of 1 m^ of soil by 1°C, modulates actual temperature changes within the 
soil. The heat capacity of soil is the sum of the constituent heat capacities: 

C = (l-p)C,T, + (p-q-r)C„ + qCa + rCi (3.3.5) 



where Cm, C^, Ca, Ci are the specific heat capacities of the soil constituents (Table 
3.3.1). C is sensitive to soil wetting and drying, because is 4.18 x 10^ J/mVC, 
while Ca is 1 J/m^/C. Changes in bulk density, i.e., porosity, also affect C, particu- 
larly in organic soils (Farouki, 1981). 

The heat conduction equation (Carslaw and Jaeger, 1959, p. 37): 



dt 



C dz' 



(3.3.6) 



relates the change in temperature with time, t, to the rate of change in the soil tem- 
perature gradient. The ratio of thermal conductivity to specific heat capacity is the 
thermal diffusivity, r, which indicates the ability of a medium to propagate a 
temperature change. For Cryosols, k increases substantially during freezing, for Xi 
is four times and Q is about half C^. So, if there is little snow cover, cooling 
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of the soil may accelerate once pore water has frozen, and warming of the soil is 
slower once the ground thaws (Figure 3.3.4). 

We can calculate the diurnal and annual range in soil temperatures with equa- 
tion 3.3.6, if we know the surface temperature regime. Often Ts is considered to 
follow a sinusoidal pattern, so that: 

Ts = AMST + As^m( cot) (3.3.7) 



where As is the amplitude of the surface temperature oscillation and < 2 ; is the angu- 
lar velocity. The solution of equation 3.3.6 with 3.3.7 as a boundary condition 
gives (Carslaw and Jaeger, 1959, p.65): 



T{z,t) 



AMST + 4 




sin(6;/ -z 




(3.3.8) 




Figure 3.3.4. Soil temperature series from a 50-cm depth in a Turbic Cryosol near Mayo, 
YT (M6, Table 3.3.2), 28 July, 1995, to 31 July, 1997. The data are daily means of hourly 
observations. The circles indicate weekly intervals. A Campbell Scientific CRIO data log- 
ger connected to a calibrated thermistor cable collected the data. The soil has a gravimetric 
water content, at a 50-cm depth, greater than 30% throughout summer, and the active layer 
is less than a meter thick. The mean soil temperature was -3.1°C, and the range in tempera- 
ture was 15.1°C. Soil temperatures in 1995-97 were cooler than in 1987-88 (Table 3.3.2), 
mainly due to thinner snow covers in winter during 1995-96 and 1996-97, 
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Equation 3.3.8 shows that the amplitude of the temperature wave decreases ex- 
ponentially with depth in the soil, and that the wave is increasingly offset with 
depth. Figure 3.3.5 illustrates this with near-surface temperature waves from 50 
cm and 1.5 m deep, recorded within a soil in the Takhini River valley (site T3). 
Figure 3.3.6 shows a similar pattern in soil temperatures from 25- and 75-cm 
depths at Illisarvik, an experimentally drained lake on Richards Island, near the 
western Arctic coast (Tamocai, 1994; Mackay, 1997). 

The exponent in equation 3.3.8 is inversely proportional to the thermal diffu- 
sivity, so that, as soil diffusivity increases, the temperature envelope widens. Dry 
sands, containing substantial quantities of quartz, have high diffusivities because 
the heat capacity is low, and hence there is a large range in subsurface tempera- 
tures. The rate of damping of the annual temperature wave is the principal deter- 
minant of active-layer depth, and its relation to thermal diffusivity illustrates why 
moist Turbic Cryosols characteristically form with a thin active layer, while dry 
Static Cryosols are associated with thick active layers. Compare, for instance, the 
active-layer thicknesses at Mayo, in moist soil, and in the dry Takhini River valley 
(Table 3.3.2). 




1997 1998 1999 



Figure 3.3.5. Near-surface ground temperatures in the Takhini River valley (site T3, Table 
3.3.2), September 1997-99, illustrating damping and delay of the temperature wave with 
depth. The mean temperatures over the two-year period at depths of 50 cm, 1 m, and 1 .5 m 
were, respectively, -0.9°, -1.2°, and -1.3°C. The measurements were made on calibrated 
thermistor cables. The snow’s depth at this site was rarely more than 20 cm during winter. 
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1998 1999 



Figure 3.3.6. Soil temperature series from the Illisarvik experimentally drained lake on 
Richards Island, western Arctic coast, mid- August 1998-99. The mean temperatures at 
depths of 25 cm and 75 cm were, respectively, -1.1° and -1.2°C. Temperature measure- 
ments plotted are the daily means of five readings on an HOBO data logger. Snow accumu- 
lates to a depth of 40 to 50 cm in the grasses that have grown up in the lake bottom since 
drainage. The active layer is up to 1 m thick at this site. 

The analysis just presented assumes that heat flow is entirely by conduction 
and that there is no horizontal transfer of energy. Both assumptions may be vio- 
lated if groundwater moves within the active layer. In addition, the analysis as- 
sumes the surface temperature follows a sinusoidal pattern and that latent heat has 
no effects. In regions with snow cover and seasonal freezing, the surface tempera- 
ture wave is asymmetric, and considerable energy may be associated with melting 
and freezing of soil water (Figure 3.3.6). 



6. Latent Heat 

In soils with substantial quantities of silt and clay, the freezing and thawing of soil 
water occurs over a range of temperatures near 0°C, corresponding to the unfro- 
zen water content characteristic for the soil (Koopmans and Miller, 1966; Patter- 
son and Smith, 1981). Soil water is prevented from freezing at 0°C by its con- 
finement in restricted pore spaces, its solute content, and the proximity of 
adsorbed water to charged particle surfaces, all of which decrease the potential of 
the water and restrict water molecules from joining the ice crystal lattice (Wil- 
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Hams and Smith, 1989, p.7). The unfrozen water content (0,,) is usually described 
by an equation of the form: 

0, = aT" (3.3.9) 

but the characteristic curve exhibits hysteresis in the relation between and T 
during warming and cooling of soil (Figure 3.3.7). 

Unfrozen water distributes latent heat over a range of temperatures, so that 
saturated freezing and thawing soils exhibit an apparent heat capacity, C^: 

Ca = C +L-^ (3.3.10) 

dT 




60 
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Figure 3.3.7. Characteristic curve of unfrozen water content for glaciolacustrine sediments 
from Takhini River valley, YT. The data are from Time Domain Reflectometry (Patterson 
and Smith, 1981). The line indicates the best fit power relation, summarizing data obtained 
during both warming and cooling, 0u = 16.02r '^ '^^. The difference in content of unfrozen 
water during warming and cooling of soil indicates the hysteresis in this relation, as with 
the soil-moisture characteristic. 
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where L is the latent heat of fusion (3.33 xlO^ This implies that soils below 
0°C have an apparent thermal diffUsivity. Soil thermal properties often are calcu- 
lated incrementally, over a range of temperatures, for instance, -4° to 0°C (e.g.. 
Smith and Riseborough, 1985), and numerical methods are used to determine 
changes in ground temperatures (Goodrich, 1982). 



7. Development of the Active Layer 

Cryosols thaw in spring and summer, freeze in autumn, and remain frozen in win- 
ter. In winter, ice normally concentrates at the top and bottom of the active layer, 
where it accumulates during freezing (Mackay, 1980). Thawing of the active layer 
follows snowmelt and is initially rapid because of the abundant radiant energy and 
the steep temperature gradients near the ground surface. The temperature gradient 
declines as depth of thaw increases, reducing the rate of thawing (Figure 3.3.8). 
Once thaw reaches the ice-rich soil at the base of the active layer, the rate of thaw- 
ing reduces further, because of the latent heat in this horizon. Thus, the depth of 
the active layer is relatively constant from year to year, if surface conditions do 
not change. 

Figure 3.3.8 indicates development of the active layer at two sites near Mayo in 
the summer of 1984, when ground temperatures were measured twice each week. 
Relatively little deepening, once the thaw reached the ice-rich zone, followed the 
rapid penetration of thaw at the beginning of summer. The Stefan solution for 
thawing frozen ground summarizes the curvilinear relation between thaw depth 
(zt) and time (e.g., Andersland and Ladanyi, 1994, p.73): 




Equation 3.3.11 requires calibration for site conditions and is used for first- 
order estimates of the depth of the active layer (e.g., Hinkel and Nicholas, 1995; 
Bum, 1997). However, the relation also may be used to estimate inter-annual vari- 
ability of active-layer depth, because Zt is proportional to cumulative thawing 
degree days (TDD), if other factors remain constant (Mackay, 1995). 

Freezing of the active layer occurs both from the top and bottom during au- 
tumn, and the rate of upfreezing depends on the temperature in the permafrost. 
Above “cold” permafrost, upfreezing may account for 25% or more of the active 
layer, while above “warm” permafrost, upfreezing may account for less than 10% 
of the active layer. Once freezing begins, the active layer soon reaches a near- 
isothermal state, at about 0°C. The progressive freezing means that, in the middle 
of the active layer, the soil may remain at a constant temperature for a prolonged 
period. This is the so-called “zero curtain.” 
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Figure 3.3.8. Annual soil thermal regime at two sites near Mayo, YT, 1 June 1984-1985. 
Data are from Bum (1986, Figure 4.1). The data were collected manually on calibrated 
thermistors spaced 15 cm apart on their cables. Readings were taken twice each week in 
summer and weekly or fortnightly during the rest of the year. Site A was a saturated, 
swampy site, and the plot exhibits an extended zero curtain during prolonged freezing 
within the active layer. In contrast, site B was in a relatively dry location, and freezing 
there was relatively rapid. The influence of the unfrozen water content on freezing of the 
soil is apparent at the sites in the considerable area between 0^" and -0.5°C. 

Figure 3.3.6 shows a period of 100 days in the autumn at Illisarvik when the 
temperature remains close to 0°C as the active layer freezes. Latent heat released 
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during freezing maintains relatively warm temperatures in the ground and at the 
surface, while the air temperature may be well below 0°C. The duration of the 
zero curtain depends on air temperature, snow depth, and soil moisture content. In 
the dry Cryosol at Takhini (Figure 3.3.5), the zero curtain lasts a short time, as it 
does at Mayo site 6 (Figure 3.3.4). At both Yukon sites, interception in the forest 
canopy delays accumulation of snow. At Illisarvik, where snow is trapped in tall 
grasses on the lake bottom early in autumn, the zero curtain is prolonged. A simi- 
lar zero curtain may occur in spring during snowmelt, for the near-surface ground 
temperature rises to close to 0°C, due to refreezing of meltwater at the ground sur- 
face and within the Cryosol. 

These two periods introduce error into calculations of w-factors, for the latent 
heat effects imply the ground temperature is not responding to air temperature 
alone. The w-factor then is underestimated in comparison with periods without 
such pronounced latent heat effects. Bum (1998b) illustrated this point with data 
from the sites in the Takhini River valley. 



8. Non-conductive Heat Transfer 

Hinkel and Outcalt (1993) have presented spectral data that indicate soil tempera- 
tures vary at diurnal, annual, and other frequencies. While the diurnal and annual 
cycles are associated with heat conduction following well recognized variations in 
Ts, the various other frequencies have been attributed to non-conductive proc- 
esses. In particular, infiltration may lead to heat transfer following snowmelt or 
summer storms (Hinkel et al., 1997). Wave periods of less than a day have been 
attributed to redistribution of heat within the soil by evaporation, movement of 
vapor, and condensation, collectively termed “distillation” (Hinkel and Outcalt, 
1994). 

Convection may be an important mechanism of heat transfer in organic soils 
and sands or gravels. Baker and Osterkamp (1988) reported direct observations of 
convective effects in saturated sand, and Outcalt and Hinkel (1996) have demon- 
strated the potential for vapor flow in organic soils. However, in finely grained 
material there may be much less, for Romanovsky and Osterkamp (1995) found 
little evidence of convection in long-term data fi*om three sites on the North Slope 
of Alaska, and they concluded that conduction could model the thermal regime at 
the sites efficiently. Similarly, Bum (2000) found, with a temperature series col- 
lected daily over two years at Mayo, only limited evidence for convection in 
finely grained soil. The data collected at Illisarvik (Figure 3.3.6) show a small 
spike in early June, 1999, for 75 cm, which may be due to such non-conductive 
effects. 




S. 3 Ch. 3 The Thermal Regime of Cryosols 



407 



9. Thermal Offset 

When the soil annually is in thermal equilibrium, the heat flow into the ground in 
summer and the small geothermal flux equal the heat extracted from the surface in 
winter. The change in thermal properties of Cryosolic soils between thawed and 
frozen states implies that the soil temperature gradient is, in general, steeper in 
summer than in winter. The result is that the annual mean soil temperature de- 
clines with depth to the base of the active layer, where thermal properties vary lit- 
tle seasonally. The shape of the annual mean ground temperature profile within a 
Cryosol is, therefore, curvilinear (Goodrich, 1982; Bum and Smith, 1988; Ro- 
manovsky and Osterkamp, 1995), so measurements at several depths are neces- 
sary for estimating the AMST (Taylor, 1995; see Figure 3.3.2). The difference be- 
tween AMST and the annual mean temperature at the surface of permafrost is the 
thermal offset, A7. Kudryavstev (1981) presented an expression for AT, which 
Romanovsky and Osterkamp (1995, eq. 12) derived analytically and validated by 
numerical methods and with field data: 

AT = (^-1)^^ (3.3.12) 

Af 365 

where TDD are the annual thawing degree days at the ground surface, AT depends 
on the ratio of thawed to frozen conditions and hence is greatest in wet, organic 
soils. Bum and Smith (1988) measured offsets of up to 1.7°C in the Mayo study 
area. 

The physical importance of the offset is that it enables the presence of perma- 
frost, and hence Cryosols, for AMST > 0°C. At the limit, the offset implies a 
Cryosol may have a mean annual temperature of over 0°C within the active layer, 
as is the case for many Cryosols in the discontinuous permafrost zone. In a coun- 
terintuitive fashion, equation 3.3.12 implies that the offset is greater in moist tur- 
bic Cryosols than in dry static Cryosols, so that turbic Cryosols may be warmer, 
annually, than static Cryosols. 



10. Cryosols, Permafrost, and Climatic Change 

Presently, interest in the impact of climate change on the thermal regime of per- 
mafrost is considerable (e.g., Lachenbmch and Marshall, 1986; Osterkamp and 
Romanovsky, 1999). However, to reach permafrost, any air temperature variation 
must pass through the active layer, where the variation may change (Lachenbmch 
et al., 1988). Two aspects of changing permafrost conditions are of immediate 
relevance to the distribution and nature of Cryosols. First, if permafrost disappears 
from a site, the soil evolves out of its Cryosolic state. Second, changes in the 
thickness of the active layer directly indicate an altered thermal regime. 

Permafrost conditions have changed in North America over several time scales. 
During the 20^^ century, near-surface permafrost has warmed from a cooler ther- 
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mal regime that was established during the Little Ice Age (Lachenbruch and Mar- 
shall, 1986). Evidence of such warming is the curvature of ground temperature 
profiles between the surface and to depths of up to about 100 m. These profiles 
have been obtained from “cold,” continuous permafrost in northern Alaska, and 
from warmer, discontinuous permafrost in the central Mackenzie River valley 
(Mackay, 1975). Ground temperatures have continued to rise over much of Alaska 
through 1996, the last year of data that Osterkamp and Romanovsky present 
(1999). Similar ground warming was recorded in the Yukon Territory in the 1970s 
and 1980s (Bum, 1992). However, permafrost has cooled in eastern Alaska and 
the Yukon during the 1990s, principally in response to a decrease in snow accu- 
mulation (Bum, 1998c; Osterkamp and Romanovsky, 1999). Cooling of perma- 
frost has occurred in Quebec, following a general climatic trend (Allard et al., 
1995). 

The curvilinear nature of the unfrozen water content characteristic (Figure 
3.3.7) implies that changes in ground temperature may occur rapidly at low tem- 
peratures but more slowly close to 0°C, where latent heat exchanges are important 
(Riseborough, 1990). Thawing of permafrost follows equation 3.3.11, with the 
rate of degradation decreasing as the top of the permafrost descends (Bum, 
1998b). Ice-rich permafrost less than 5 m thick may thaw over about a century, 
but greater thicknesses of frozen ground may require considerably longer to thaw. 
In general, the latent heat in ice-rich ground delivers a considerable temporal per- 
sistence to permafrost (Bum, 1998c). 

However, ground warming since the Little Ice Age has led to the disappearance 
of relatively thin permafrost from a broad swath of peatlands in northern Alberta, 
Saskatchewan, and Manitoba (Kwong and Gan, 1994; Halsey et al., 1995). Per- 
mafrost developed in this region during Neoglacial times, when mean annual tem- 
peratures were approximately 1°C lower than at present. Forest fires have helped 
degrade this “warm” permafrost (Zoltai, 1993). Nearly 30,000 km^ of permafrost 
peatland is expected to thaw in response to the recent climate change (Vitt et al. 
2000). Where permafrost is thawing, it is relict but still, by definition, supports 
Cryosols. The spatial extent of permafrost similarly increased in Europe and Asia 
during the Little Ice Age, so Cryosols are currently more widespread than maps of 
permafrost drawn on the basis of present air temperatures may imply. 

Changes in the thickness of the active layer also have been recorded as a result 
of climate change, either due to general climate warming or to an increase in sum- 
mer temperature alone. In northwest Canada, the active layer was about twice its 
present thickness during the warmest period of the Holocene, 9,000 cal. years ago 
(Bum et al., 1986; Bum, 1997). The thickness of the active layer is a critical com- 
ponent of the thermal regime of Cryosols, because deepening of the active layer 
normally involves thaw of the ice-rich zone at the top of permafrost and initiation 
of ground subsidence (Bum, 1998c; Wolfe et al., 2000). Monitoring the thickness 
of the active layer is one of the principal circumpolar efforts underway to detect 
the response of permafrost terrain to climate change and climate variation (Nixon 
and Taylor, 1998; Brown et al., 2000). 
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11. Conclusion 

The principles this chapter outlines form the basis for explaining the transfer of 
heat between the atmosphere and the ground, with the flux downward in summer 
and upward, out of the ground, in winter. At site scale, the analysis must involve 
detailed characterization of thermal properties, ground surface temperatures, and 
snow conditions, with data collected over small spatial and temporal scales. For 
application over larger areas at greater time scales, summary relations such as 
equation 3.3.12 provide an appropriate index of the thermal impact of Cryosols on 
permafrost. 
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1 . Introduction 

The Transantarctic Mountains are the dominant physical feature of the Antarctic 
continent. Some 2500 km long and up to 100 km wide, the Transantarctic Moun- 
tains form an escarpment, throughout most of their length, comprised of crystal- 
line basement rocks, chiefly granites, overlain by Devonian to Jurassic, predomi- 
nantly sandstone sediments, with massive intrusions of Jurassic dolerites 
(Bradshaw, 1990). 

The range separates the East Antarctic Ice Sheet, which reaches an elevation of 
4000 m, from the much smaller West Antarctic Ice Sheet, with its average eleva- 
tion of around 1500 m (Figure 3.4.1). In many places, glaciers flowing from the 
East Antarctic Ice Sheet have cut valleys through the mountains and, as a result of 
fluctuations in ice levels, many small scattered areas of ice-free ground with soils 
occur in the valleys along the length of the mountains. The total area of bare 
ground and soils in the Transantarctic Mountains is around 23,000 km^, approxi- 
mately half of the bare ground and soils in Antarctica (Claridge et al., 2000). 

The climatic data, though derived from very few stations, indicate the severity 
of the general climatic environment for Cryosol formation. At South Pole Station 
(Lat 90°S) on the Polar Plateau, for example, the mean annual temperature is 
-49°C, but on the land nearest to this station (Mt. Howe), approximately 300 km to 
the north and 300 m lower in elevation, the mean annual temperature is around 
-40°C. Farther north, at Scott Base, which is a coastal site (Lat 77°5T), the mean 
annual temperature is -20°C, while at Cape Hallett (Lat 72° 18'), 600 km farther to 
the north (Figure 3.4.1), the mean annual temperature is -15‘^C. 

Although mean temperatures distinctly increase northward, the greatest tem- 
perature gradient is east to west, from the lower altitude coastal regions to the 
higher altitude inland mountains. Precipitation follows a similar pattern. Derived 
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mainly from cyclonic storms which move inland from the Southern Ocean, the 
most precipitation, which always falls as snow, is in northern and coastal regions, 
while the least falls in inland regions bordering the Polar Plateau. Precipitation is 
about 50 mm/y over much of the central part of the ice sheet, increasing to about 
600 mm/y in some coastal areas (Bull, 1971). Amounts vary greatly, to as little as 
13 mm/y in the McMurdo Sound Dry Valley region (Chinn, pers. comm.). 

Temperature and precipitation differences, in conjunction with the extreme age 
of some of the land surfaces, which date to Miocene times (Denton et al., 1993; 
Campbell and Claridge, 1978), have caused some very distinctive characteristics 
in the Transantarctic Mountains region’s soils. Their main soil features are coarse 
textures, minimal alteration apart from some clast disintegration and progressive 
oxidation and reddening since the Miocene, salinization and accumulation of 
soluble salts in salic horizons, and minimal presence of organic life and absence of 
a significant biological regime. Environmental differences appear largely through 
thermal and hydrological properties and soil salt chemistry. 




Figure 3.4,1. The Antarctic continent. The figure shows the location of the Transantarctic 
Mountains. The shaded areas indicate locations of ice- free areas but not their extent. 
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Table 3.4.1. Maximum, minimum, and mean (MAST) temperatures for 1994 and 1995 at 
Marble Point, for 1996 and 1997 near Lake Vanda, and for the warmest (MSST) and cold- 
est (MWST) 90-day periods at both sites. 



Marble Point 


1994 






1995 






90 days 


Depth 


max 


min 


MAST 


max 


min 


MAST 


MSST 


MWST 


Surface 


+13.9 


-34.1 


-16.3 


+12.1 


-35.8 


-16.9 


+0.1 


-28.1 


16 cms 


+9.1 


-32.0 


-15.6 


+7.4 


-35.8 


-16.3 


-0.3 


-27.4 


25 cms 


+6.3 


-31.5 


-16.2 


+4.8 


-35.3 


-16.8 


-1.4 


-26.4 


33 cms 


+5.7 


-30.1 


-16.1 


+2.1 


-33.6 


-16.8 


-2.7 


-26.7 


40 cms 


+3.2 


-30.1 


-16.1 


+2.1 


-33.6 


-16.8 


-2.7 


-26.7 


55 cms 


+2.4 


-29.4 


-15.8 


+1.4 


-32.5 


-16.4 


-2.8 


-26.1 


Lake Vanda 


1996 






1997 






90 days 


Depth 


max 


min 


MAST 


max 


min 


MAST 


MSST 


MWST 


Surface 


+16.4 


-45.6 


-17.1 


+13.1 


-47.0 


-16.6 


+3.9 


-29.8 


15 cms 


+8.0 


-39.1 


-17.1 


+6.4 


-43.2 


-21.0 


-8.5 


-27.9 


25 cms 


+3.5 


-36.1 


-17.6 


+2.8 


-40.2 


-20.8 


-1.8 


-27.6 


35 cms 


+0.4 


-32.6 


-16.9 


+6.6 


-35.9 


-19.4 


-3.3 


-26.1 


45 cms 


-2.9 


-30.2 


-17.6 


-2.9 


-32.9 


-19.2 


-6.9 


-25.7 


55 cms 


-3.3 


-28.6 


-17.2 


-3.6 


-31.2 


-18.5 


-7.0 


-24.9 



2. Soil Temperature and Properties of Cryosols 

Few systematic recordings of soil temperatures exist for the Cryosols of the Tran- 
santarctic Mountains; consequently, we have limited knowledge of spatial and 
temporal soil temperature differences and other important temperature characteris- 
tics. However, the geographic trends in soil temperature data follow the climatic 
trends that the meteorological data indicate. 

The climate is relatively warm near the coast but considerably colder (up to 
30°C less) on the Polar plateau. The air temperature gradient is essentially a func- 
tion of increasing elevation, with temperatures decreasing inland by 10°C for 
every 100 m increase (Mullan and Sinclair, 1990). Mean air temperatures for soil 
sites along the Transantarctic Mountains follow this trend, with the coldest tem- 
peratures inland, bordering the Polar Plateau, and the warmest near the coast. 

Single sets of soil temperature observations from scattered description sites 
along the Transantarctic Mountains, and some short-term, continuously recorded 
measurements from a few sites, indicate that soil temperatures also decline with 
increasing distance and elevation from the coast. However, while the mean soil 
temperatures, including for the warmest and coldest 90-day periods, are important 
(Table 3.4.1), several other soil temperature attributes are significant for the re- 
gion’s Cryosols. 



2.1. Thickness of the active iayer and depth to ice-cemented 
permafrost 



In the Cryosols of the Transantarctic Mountains, the thickness of the active layer 
and depth to the permafrost are essentially a function of the site climate, but soil 
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water content and soil surface features modulate them. Figure 3.4.2 illustrates the 
general relationship between climate and the thickness of the active layer. The 
figure reflects single sets measurements of soil temperature and continuously re- 
corded measurements from scattered sites in the Transantarctic Mountains. The 
depth of the active layer diminishes from around 70 cm in coastal regions to as lit- 
tle as 2 cm at high altitudes inland, to the south (Campbell and Claridge, 2000). In 
many locations, however, the permafrost is not ice-cemented but is dry frozen and 
lacks insufficient water for cementation (Balks et al., 1995; Bockheim, 1995; 
Campbell et al, 1998a, 1998b). In these situations, soil change proceeds at depth 
within the permafrost, irrespective of the depth of the active layer and position of 
the 0°C isotherm. 

Moisture content and salinity of the soils also strongly influence the thickness 
of the active layer in the Cryosols of the region (Campbell et al., 1997a). When ice 
melts, water absorbs energy equivalent to the latent heat of fusion (3.33x10^ J/kg) 
with no resulting increase in soil temperature. An equivalent amount of heat is re- 
leased into the soil when liquid water freezes, resulting in warming. These latent 
changes in heat buffer change in temperature in the soil during moisture-phase 
changes (Anderson and Tice, 1989). Some Transantarctic Mountains Cryosols 
with a high moisture content use the available heat to convert ice into water; con- 
sequently, the depth of their active layer is typically shallow in moist sites. Where 
soil salinity is high, the suppression of freezing delays soil moisture-phase 
changes and the 0°C isotherm penetrates deeper (Campbell et al., 1997b). 




Figure 3.4.2. A plot of the thickness of the active layer against altitude, from measurements 
of soil temperature at many sites in the Transantarctic Mountains. 
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The balance of surface radiation is perhaps the most important thermal factor, 
as it determines the amount of energy available to heat the soil. The ice-free areas 
of the Transantarctic Mountains receive negligible solar radiation throughout 
much of the year, but, during the brief summer, they have receive the most solar 
radiation in the world (Dana et al., 1998). Albedo, or short-wave reflectivity, is the 
most important property affecting net radiation balance and is a function of the 
soil’s surface color, surface roughness, rock polish, and moisture content (Balks et 
al., 1995; MacCulloch, 1996). In the McMurdo Sound Dry Valley region, light 
colored soils from predominantly sandstone rocks have an albedo approximately 4 
times greater than that measured on soils from predominantly dolerite rocks with a 
dark surface; the latter have more energy to heat the soils and cause ablation of 
subsurface ice. 



2.2. Frequency of freeze and thaw cycles 

Another important thermal attribute of these soils, not only for the effects of cli- 
mate on cryogenic processes but also for biological interactions in soil, is the 
number of freeze/thaw cycles over the period of summer warming and cooling of 
soil. No continuous soil temperature data are available from the meteorological 
stations in the region. However, some continuous, although short-term measure- 
ments of soil temperature at varying soil depths have been made at a number of 
sites in the McMurdo Dry Valley area (Balks et al., 1995; Campbell and Claridge, 
2000; McKay, 1998; Greenpeace, pers. com.). 

Figure 3.4.3 illustrates changes in soil temperature from continuous recordings 
at various depths at a coastal site at Marble Point during the summer of 1993-94. 
Although temperature rises and falls daily in response to the angle of the sun, the 
surface soil only passes through the freezing point 12 times during the summer, 
from initial thaw to freeze up. Figure 3.4.3 also shows temperature data from an 
inland site on a valley floor near Lake Vanda, at an altitude of 130 m. At this site, 
30 freeze-thaw cycles occurred, probably influenced by shading from adjacent 
mountains. 

At a site in the Asgard Range (Figure 3.4.1), at an altitude of 1400 m, the num- 
ber of freeze/thaw cycles was approximately 35 (McKay, 1998). At Marble Point, 
the number of freeze/thaw cycles at 15 cm deep was similar to that experienced at 
the soil surface, but, at greater depths, soil temperatures were more consistent and 
fewer freeze/thaw cycles occurred. The Vanda site recorded only 15 freeze/thaw 
cycles at 1 5 cm deep and none at 45 cm, while the Asgard Range site showed no 
freeze/thaw cycles at 17 cm deep. These values are all for unshaded sites. When 
the observing site is shaded for part of each day, the number of freeze-thaw cycles 
is considerably greater (Campbell, 2003). 
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Figure 3.4.3. Soil temperatures for a site at Marble Point during summer, 1994-95, and a 
site near Lake Vanda in the Wright Valley during summer, 1996-97. The deepest tempera- 
ture sensor was at 55 cm. 

Although no continuously recorded data are available from sites farther inland 
and at higher altitudes, their frequency of freeze/thaw cycles should fall, relative 
to those of coastal regions, because of severe cooling from lower air temperatures. 
Freeze and thaw is commonly cited as a significant factor in Cryosol and cryo- 
genic processes but, in the Transantarctic Mountains where soil moisture levels 
are very low, the influence of freeze and thaw has clear limits. 

Two other thermal characteristics of soil which vary considerably in relation to 
climate are the length of time from first summer thaw to the start of freezing and 
the maximum summer diurnal temperature variation. Both of these properties are 
especially important for biological interactions in soil. At the coastal Cape Evans 
site, the surface soil remained unfrozen for 87 days. At the Marble Point site, ad- 
jacent to a small seasonal snow pack, the surface soil was unfrozen for 40 days in 
1994 (Balks et al., 1995). At the Vanda site, which is snow-free, it was unfrozen 
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for 94 days in 1996. About 50 days were recorded for the Asgard Range site in 
1994. These variations depend on seasonal snow cover and other site factors 
which affect the quantity of solar radiation. 

With increasing depth of soil, the duration of the thaw period becomes progres- 
sively less. The maximum diurnal temperature range for surface soil recorded at 
Marble Point was 12°C, but a 28°C variation occurred at an inland mountain site 
in the Convoy Range, to the north of the Dry Valley region (MacCulloch, 1996) at 
an altitude of 1500 m. All sites have the capacity for surface soil temperatures to 
rise well above 0°C when radiation inputs are large. The difference between high 
and low altitude sites is that soil temperatures drop dramatically in high altitude 
sites because of very cold air when cloud cover, topographic shading, or snow re- 
strict radiation. 



3. Precipitation, Soil Moisture, and Properties of Cryosols 

Soil science has long recognized the lack of available moisture as a key feature of 
the genesis of cold desert soil and previously used it as a basis for subdividing the 
Transantarctic Mountains Cryosols into climate-related soil classes (Campbell and 
Claridge, 1969). These classes ranged from soils on the fringe of the Polar Plateau 
where liquid water was never visibly present (ultraxerous), to soils in coastal loca- 
tions where visible moisture was present over much or part of the brief Antarctic 
summer (subxerous). The availability of soil moisture also has been recognized as 
a major factor influencing the ecology of arid Cryosols (Cameron, 1969; Wyn- 
Williams et al., 1997; Freckman and Virginia, 1998). 



3.1. Soil moisture sources 

Precipitation in the Transantarctic Mountains region derives solely from snow, 
which is greatest in coastal regions and least in the inland colder regions with very 
low humidities. Precipitation on valley floors may be very low, however, because 
of fbhn effects from westerly winds (Bromley, 1985). The accumulation of drift- 
ing snow may increase effective precipitation at many sites, but the removal of 
snow by wind may reduce it at others. Because of the very cold conditions and 
low humidity throughout most of the year, little of the snow finds its way into the 
soils as liquid moisture, as most either blows away or sublimes. During the sum- 
mer, some melting around the edges of accumulations of snow may occur as the 
soils warm, but measurements have shown that the soil may lose this moisture in 
about 10 days (Campbell et al., 1997a; Campbell (in prep). Some moisture finds 
its way into the soil in summer when snow falls on warmed soil surfaces, but this 
moisture generally evaporates within a day or so (Campbell and Claridge, 2000). 
Evaporation rates of 3 mm per day have been measured at a coastal site (Balks et 
al., 1995). 
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At some sites, mainly in the warmer coastal regions, thawing of snow packs 
around the margins of some glaciers results in significant transient stream flows. 
The soils commonly are saturated in the zone of the water flow and also are mois- 
tened up to several meters away by capillary flow. 



3.2. Soil moisture properties and geographic relationships 

Balks et al. (1995) and Campbell et al. (1997a, 1998a, 1998b) have studied the re- 
lationships between climate differences and the moisture status of the active layer 
of permafrost in the Transantarctic Mountains. The soil moisture data they gath- 
ered over a period of 8 years from 240 sites within the McMurdo Sound Dry Val- 
ley region provide a good indication of relationships between soil moisture differ- 
ences and the regional climate (Campbell and Claridge, 2000). 

The highest moisture contents in the active layer occur in soils of the coastal 
regions. At a typical well drained site (Figure 3.4.4a), the moisture content gener- 
ally ranges from around 0.1% at the soil surface to around 10% near the surface of 
the underlying ice-cemented permafrost. Within the permafrost, the moisture con- 
tent rises abruptly, with average values of around 40% within the first meter 
(Campbell et al., 1998b). 

In inland mountain areas, values of soil moisture content within the active zone 
are tower, ranging from <0.5% at the soil surface to 3.5% at depth, with values 
decreasing farther inland. The presence of ice-cemented soil, however, commonly 
does not coincide with the permafrost table but may occur some depth below it, 
with a zone of dry-frozen soil between the permafrost table and the ice-cemented 
soil beneath. When present, ice-cemented permafrost in the inland mountains typi- 
cally has a lower moisture content than the ice-cemented permafrost of the coastal 
regions. 

Soils with the lowest measured moisture contents in both the active layer and 
the permafrost occur in some of the dry valleys, with values of 0.4% at the soil 
surface to 0.65% in the dry frozen soil below the permafrost table (Figure 3.4.4b). 
Although no data are available for soils from some of the colder parts of the Tran- 
santarctic Mountains, similar or even lower values should occur. 
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Figure 3.4.4. Moisture contents of (a) relatively moist coastal sites (Marble Point) with icy 
permafrost at 60 cm and (b) inland sites (near Lake Vanda in the Wright Valley) which lack 
icy permafrost, even though the soil is permanently frozen below 35 cm. 



4. Soil Climate and Soil Salinity 

Because of the prevailing aridity, potential evaporation exceeds precipitation al- 
most everywhere in the Transantarctic Mountains, and soluble salts accumulate 
within the soils. These salts come mainly from atmospheric transport, with lesser 
amounts of the salts from soil weathering. Claridge and Campbell (1977), Camp- 
bell and Claridge (1987), and Bockheim (1982) have described the origin and dis- 
tribution of the salts in these Cryosols. 

Salt accumulations take differing forms, depending on their composition, the 
soil’s age, and the soil’s moisture content. They may occur as surface efflores- 
cences and encrustations, as diffuse or concentrated horizons usually within 5 to 
1 5 cm of the surface, as scattered flecks throughout the soil, or as thick concentra- 
tions beneath surface stones or stones within the soil profile. Where the salts 
strongly concentrate, the salt horizon often is cemented. With increasing soil age, 
the concentration and thickness of the salt horizon usually increases. 

In coastal regions, the salts in the soils consist largely of sodium chloride and 
sodium sulphate, derived from sea water and transported atmospherically by way 
of coastal storms before being deposited by snow fall. In the soils of inland re- 
gions, chloride is absent, while sulphates of sodium and magnesium and nitrate are 
present, derived via a different atmospheric pathway (Claridge and Campbell, 
1977). The nitrate salts accumulate in the inland very arid soils because moisture 
is insufficient to leach them or for organisms to use them. 
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5. Conclusions 

The Cryosols of the Transantarctic Mountains occur under the coldest and driest 
conditions on earth. Extremely low temperatures and effective precipitation are 
the main environmental parameters influencing soil development, but receipt of 
solar energy is the principal factor governing environmental inputs and relation- 
ships among soil properties. 

While the environmental conditions for soil formation are extreme, local and 
regional differences in conditions are responsible for significant differences in soil 
properties. Depth of the active layer, length of the thaw period, number of freeze 
and thaw cycles, regional differences in the active layer and permafrost moisture 
contents, and regional differences in soil salinity and other chemical characteris- 
tics are among the soil properties closely related to differences in environmental 
conditions in Transantarctic Mountains Cryosols. 
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Introduction 

Many soil researchers of the Antarctic (e.g., O'Brien, 1979; Campbell and 
Claridge, 1987; Bockheim and Ugolini, 1990) hold that no considerable chemical 
weathering and no new formation of minerals has taken place in soils of the Ant- 
arctic Desert and Tundra. They describe intensive changes in soil condition from 
cryoturbation and cryoclastic weathering but do not recognize a stronger influence 
of chemical weathering. However, pedologists from Central Europe assume that 
intensive cryoclastic weathering facilitates easier chemical weathering at low tem- 
peratures and thus allows a new formation of minerals (Kopp and Kowalkowski, 
1990). Some even assume that, in many soils of Central Europe, brownification 
and clay formation mainly occurred under periglacial conditions (Kowalkowski 
and Borzyskowiski, 1973; Kopp et al., 1982). 

To support these different hypotheses and to understand the mineralogy of Ant- 
arctic soils, we sampled representative soils from Wilkes Land, Continental Ant- 
arctica, and King George Island, Maritime Antarctic. We also studied the influ- 
ence of lichen-induced weathering of rocks and stones. 
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2. Methods 

Methods included particle size analysis (sieve and pipette method following 
H2O2 and dithionite/citrate [necessary because aggregates were stabilized by iron 
oxides in many cases] treatment and [Na POs]6 dispersion); organic matter 
(org.m.: dry oxidation at 1200°C and colorimetric CO2 measurement, org. C. mul- 
tiplied by 2); carbonates (H3PO4 extraction at 80°C and colorimetric CO2 meas- 
urement); pedogenic oxides and humates (FCo and ODOE [= optical density of 
oxalate extract] for NH4-oxalate extraction, Fcd for dithionite-citrate extraction; 
FCp and ODPE [= optical density of pyrophosphate extract] for pyrophosphate ex- 
traction); total and available P (Pt extraction with HCI/HNO3 at 105°C, Pa extrac- 
tion with lactate, colorimetric measurement); mineralogy (X-ray diffraction of 
clay and fine silt [2-20 |im], microscopic analysis of coarse silt [20-63 jim], fine 
(63-200 |Lim) and medium [200-630 |im] sand fraction); soil classification (after 
ISSS/ISRIC/FAO, 1998). For further details of methodology, see Schlichting et al. 
(1995). 



3 . Site Locations and Conditions 

The first site is in the Continental East Antarctic (-9.3° mean annual temp.; 180 
mm precipitation, mainly snow) close to Casey Station, Windmill Islands, Wilkes 
Land (66°17'S, 110°32'E). The rocks of the region consist of a layered sequence 
of gneiss with schist and migmatite, the so-called “Windmill Metamorphics” 
(Blight and Oliver, 1977), and are covered partly by Neoglacial solifluction depos- 
its and moraines. The region lost its ice cover 5500 years ago and rose during that 
time (Goodwin, 1993). The studied soils of this region include a Hapli-turbic 
Cryosol on moraine deposits, a Stagni-turbic Cryosol on basic gneiss to schist, and 
a Skeleti-gelic Podzol of a former penguin rookery. 

The three soils studied from Casey are frozen nearly year-round, and perma- 
frost occurs at 50 to 80 cm deep. The Hapli-turbic Cryosol in a downslope posi- 
tion is free of snow in warm years only but not for longer than one month, so it 
supports no vegetative cover. The two other profiles are in upper slope position 
and therefore free of snow one to two months every year. 

The second site is in the Maritime Antarctic (-1.8° C, 510 mm), close to Arc- 
towski Station, Admiralty Bay, King George Island (62°10'S, 58°28'W). The 
rocks of the region are mainly Tertiary tholeiite basalt (Birkenmayer, 1980) cov- 
ered by Neoglacial (decades to centuries old) and older moraines and by solifluc- 
tion deposits. Volcanic ash from neighboring islands (e.g.. Deception Island) also 
were deposited during the Quartemary. The studied soils here induced a Calcari- 
regic Cryosol on a blocky moraine, a Skeleti-gelic Podzol on basalt, and a Humi- 
gelic Umbrisol of a former penguin rookery. 

The three soils studied from Arctowski formed under somewhat warmer condi- 
tions, so that dense vegetation covers two of them. Only the Regie Cryosol is 
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sparsely covered by plants, due to its position on a very young moraine (perhaps 
not more than one hundred years). 



4. Soils and their Mineralogy 

The Hapli-turbic Cryosol lies in the center of a stone garland. This, and discon- 
tinuous depth functions of texture fractions, as well as organic matter (Table 
3.5.1a), demonstrate a strong influence of cryoturbation. The mineralogy of the 
soil (Table 3.5.2) features a high quartz content, feldspars and mica thus reflecting 
the geology of many leuco gneiss. Primary minerals dominate in the clay fraction 
also, reflecting a strong influence of cryoclastic weathering. Low pH values, some 
mineral grains with weathered surface, pedogenic iron, and very little smectite 
demonstrate the beginning of chemical weathering. 

The parent rock of the Stagni-turbic Cryosol is a long but only 0.5 to 2 meters 
wide stripe of vertically standing schist and basic gneiss, from former tectonic in- 
fluences. This produced a high clay content, especially in the subsoil (Table 
3.5.1b), whereas leuco gneiss in the surrounding areas influenced the topsoil. 
Strong cryoturbation also formed this soil, so that stones and sands are enriched in 
the topsoil; the function of organic C is discontinuous with depth. 

Soil and snow algae (together with bird excrements; see high concentration of 
available P in Table 3.5.1b) accumulated the organic C, because cryoturbation pre- 
vents the growth of lichens. Strong cryoclastic weathering formed clay. This also 
promotes chemical weathering. We found pedogenic iron, together with a higher 
amount of partly weathered minerals, e.g. feldspars (Table 3.5.2). Smectite also 
formed. In addition to acidic conditions, changing redox conditions (strong mot- 
tling of subsoil; see Munsell colors in Table 3.5.1b) also may have influenced this 
process. Most pedogenic Fe seems to exist as organic complexes (see Fep together 
with ODPE = pyrophosphate extractable C) in relation to Fea-p (= mostly crystal- 
lized iron oxides). We have yet to understand the higher concentrations of Fep in 
relation to FOo. 

The third profile, a Podzol, formed on a former penguin rookery. The birds 
gathered medium to coarse gravels (Table 3.5.1c) together with excrements, 
bones, and feathers (R. Smith, UK, personal communication). This resulted in ex- 
tremely high concentrations of different phosphate minerals, mainly apatite, but 
also strengite and vivianite (the latter shows that reduced conditions do exist in the 
deeper subsoil) in the clay fraction (Table 3.5.4). Due to the presence of the clear 
horizontation and a strong enrichment of sea borne sponge spicules (transported 
by wind) only in the topsoil, we do not believe that cryoturbation influenced the 
soil over the last centuries. Instead, a strong chemical weathering of special min- 
eral species (e.g. chlorites, feldspars, micas) occurred (perhaps due to a formation 
of nitric and sulfuric acids from the proteins of birds excrements). Most of the pe- 
dogenetic Fe seems to be organically bound (see Fep and ODPE due to Fea-p in Ta- 
ble 3.5.1c). But some iron should be bound by phosphates (see strengite and vivi- 
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anite contents of the clay and the fine silt fraction in Table 3.5.4). Fe- and Al- 
phosphates are extracted by pyrophosphate but nearly not by oxalic acid. 

The first soil, a Calcari-regic Cryosol, formed on a gravelly to blocky moraine 
of mainly tholeiite basalt origin (see Table 3.5.6; plagioclases, especially andesine, 
zeolites, and pyroxenes are abundant; volcanic glasses and ashes and some car- 
bonates are also present). Kuhn (1997) observed an enrichment of stones on the 
soil surface together with a weak stone circle formation. We classified the soil 
therefore as a Cryosol, although it seems that soil ice melts more than 2 meters 
during warm summers. Weathered minerals (feldspars, pyroxenes) exist, together 
with many smectites (see Table 3.5.6) and relatively high contents of pedogenic 
iron (Table 3.5.5a). We believe that strong physical weathering facilitates chemi- 
cal weathering, also. We also found chalcedony, which indicates that chemical 
weathering and new formation of minerals could have occurred before glacier 
movement, under formerly warmer climate conditions. 

The second soil, a Skeleti-gelic Podzol, formed on tholeiite basalt. The miner- 
alogy of this soil reflects this (Table 3.5.7). Permafrost was present to at least two 
meters deep. We found no influence of cryoturbation in the field. Rising contents 
of stones and sand, together with decreasing contents of silt and clay with soil 
depth, show the influence of weathering. Any cryoturbation would have produced 
higher stone and sand contents, together with lower clay contents in the topsoil 
(Table 3.5.5b). The soil is strongly acidified and enriched with pedogenetic iron: 
crystallized oxides, phosphates, and organically bound compounds, also. We 
found many partly weathered grains, especially in the topsoil: feldspars, mica, and 
pyroxenes (Table 3.5.7). Smectites also formed as mean clay minerals. 

Highly weatherable volcanic glasses and olivine without any weathering phe- 
nomena occurred in the topsoil on the other side. We believe that this reflects an 
influence of a very recent volcanism; the last eruption of a volcano on Deception 
Island (around 160 km away) took place in the 1960s. A noticeable influence of 
birds was evident from the high contents of total phosphorus (Table 3.5.5b). The 
soil is podzolized, because the B horizons fulfill the definition of spodic horizons; 
they are enriched with pedogenic oxides and with pyrophosphate extractable C; 
metal organic compounds cement the Bms horizon to ortstein. We therefore classi- 
fied the soil as Podzol. Also criteria of andic properties (beside volcanic glasses) 
may exist, like Alo+V 2 peo =1.2 % (ISSS/ISRIC/FAO, 1998: andic should have > 
2), which are similar to spodic conditions of Podzols on the other side. 

The third soil, an Humi-gelic Umbrisol, formed out of a former penguin rook- 
ery. Some layers between 20 and 80 cm deep contained penguin bones (Kuhn, 
1997) and extremely high P contents (up to 12 %) and high gravel contents (Table 
3.5.5c). We found variscite, vivianite, and apatite and other phosphate minerals, 
which we could not identify by x-ray (Table 3.5.8). Tatur (1985) identified and 
described Arktowskite ((Al 8 . 4 Feo. 6 )(OH) 3 (P 04 ) 8 ) and taranakite ((K, 
NH 4 ) 3 Al 5 H 6 (P 04 ) 8 ), and Myrcha and Tatur (1991) found amorphous Al- 
phosphates at similar sites. 
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Table 3.53. Mineralogy of a loamy Stagni-turbic Cryosol, developed on basic gneiss to schist ^ 

a) mean of 20-630 jjm 0in % (unw, unweaihered, w. medium weathered). 

Horizon Depth Chlorite Pyroxenes Amphiboles Mica Weath., Opaque^ 
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Table 3.5.4. Mineralogy of a Skcleti-gelic Podzol (former penguin rookery) on gneiss. 

a) mean 0/29-630 /m 0 in %‘. 

Horizon Depth, Vole. Gins Apatite Chlorite, Pyr.+ Amp., Mkas, Strongly 
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iinw.=unwcathcrcd; w.=mcdium weathered; pyr.=pyroxcncs, ainp.=Amphibolcs. 
'Anatase, ilmenite, rutile, zircon. 

^Garnet, epidote, silimanite. 

^Sponge spicules. 








Table 3.5.5. Soils from Arctowski, King George Island'. 
a) Calcarhregic Cryosol on stony moraine without vegetation. 
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Table 3.5.7. Mineralogy of a loamy Skeleti-gelic Podzol with andic phase on moraine of basalt, Arctowski. 

a) mean of 20-630 0in 

Horizon Depth Vole, Olivine Serpentine Chlorite Mica Pyroxene Strongly 

cni glass unw. w. unw. w. w. min. 
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Table 3.5.8. Mineralogy of the clay fraction of a Humi-gelic Umbrisol (former penguin 


rookery) on basalt, Arctowski. 










Depth, Smectite Illite Chlorite 


Variscit 


Vivianite 


Apatite 


Other 


cm 


e 






phosphates 


43-48 <10 <10 <10 


<10 






>20 


64-86 <10 <10 <10 


<10 






>20 



5. Rock Weathering by Lichens 

The lichens occupying rocks or stones as substrate, generally known as saxicolous 
species, can be divided into three distinct groups: crustose, foliose, and fructicose 
species (Jones and Wilson, 1985). In terms of the modes of attachment to substrate 
rocks, lichens can be grouped into epilithic (living on the surface of rock) and en- 
dolithic types (living in the interior of rock) (Golubic et ah, 1981). 

In general, lichens induce the physical weathering of rocks by these mecha- 
nisms; (1) the penetration of hyphae through intergranular voids and mineral 
cleavage planes, (2) expansion and contraction of thallus by microclimatic wetting 
and drying, (3) freezing and thawing of lichen thallus and associated microenvi- 
ronment, (4) swelling action of organic and inorganic salts originating from lichen 
activity, and (5) incorporation of mineral fragments into thallus (Figure 3.5.1). In 
some cases, if not many, lichens’ mechanical action on their mineral substrate 
dominates the bio-weathering process, especially in the early stages of coloniza- 
tion. The main possible chemical processes by which lichens can dissolve miner- 
als are (1) generation of respiratory CO 2 , (2) the excretion of oxalic acid, and (3) 
the production of biochemical compounds with complexing ability (Chen et al., 
2000 ). 

We chemically analyzed weathered rock samples with lichens and investigated 
thin sections with a light microscope and scanning electron microscope. We found 
chemical changes in the surface layer in relation to the unweathered interior (Ta- 
ble 3.5.9). There was an enrichment of Fe, P, K, and partly Mn in the first milli- 
meters (like in desert varnish), whereas other elements were lost. There may be an 
influence of dust and/or sea spray, too. 

In Antarctica, as far as we are aware, the lichen communities of most investiga- 
tions are the endolithic communities inhabiting the Beacon Sandstone in the Ant- 
arctic cold desert (e.g., the Ross Desert) (Vestal, 1988). However, observable ef- 
fects of epilithic lichens on the weathering process of various rocks also have been 
reported from regions including the maritime Antarctic (Campbell and Claridge, 
1987; Ascaso et al., 1990; Chen and Gong, 1995). 

Figure 3.5.1 shows an influence of lichens on rock weathering and new forma- 
tion of minerals, especially iron oxides and oxalates. 







Table 3.5.9. Chemic^ changes in surface layer of rocks by weathering and soil-forming processes in relaticm to the interior; Fiides 
Peninsula, Antarctica . 

Sample* PositioB Loss* sioi; FejO, AI^O, olo M^O TIO; mSo 1^0 NajO P^O, 
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tv* *1 



Substrate rock 



We^kne$$ in 
Substrate rock 



Surface exfoliation caused by 
mechanical disintegration and 
biochemical decomposition 



Fragment 
trapped by thaflui 



b i Weathered zone 
enlargement due 
deeper hyphal 
k I penetration 



neoformatiorrs 



Figure 3.5.1. Suggested sequence of the weathering effects on substrate rocks of the Fildes 
Peninsula, Antarctica. (Photo [of an electron microscope] 68668, andesite with Haema- 
tomma erythromma, 68666, like 68668, 68534, andesite porphyry with Usnea fasciata, 
68678, hyperstene-olivine gabbro with Usnea fasciata. Chen et al., 2000.) 
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6. Weathering, Acidification, and Minerai Formation 

A Strong, physical weathering in the form of frost weathering takes place to- 
gether with high cryoturbation (Bockheim, 1995) in areas with permafrost. This 
weathering primarily is from the freezing and thawing of the soil water. The extent 
to which the rock fragments and minerals of the topsoil are crushed depends on 
the frequency of freezing and thawing. The weathering therefore occurs primarily 
during the warm summer, with no snow on the soil (Campbell and Claridge, 
1987). 

These conditions exist for one to two months on hill backs in Wilkes Land and 
on down-slopes for not more than one month. Depressions remain snow-covered 
all year. The weathering conditions exist for 3 to 4 months on King George Island, 
but soils here do not show frost changes throughout because of higher average 
temperatures and lower temperature amplitudes. In addition, a thick plant cover 
here (below 60 m above sea level) muffles the frost change. Only the soils of very 
young moraines like the Regie Cryosol are missing an isolating vegetative blanket. 

Initially the frost weathering is restricted to the topsoil: a few cm for loamy 
soils like the Stagnic Cryosol, but several dm for gravel-rich soils like the Podzol 
at Casey, due to low water contents and therefore low heat capacity. The weather- 
ing of a loamy soil nevertheless will be more intense as intensive cryoturbation 
also occurs during the summer. 

Cryoturbation translocates the soil particle permanently and forms new targets. 
The higher clay content of the Stagnic Cryosol in the subsoil is based on an up- 
ward movement of rougher particles, which, in turn, favors their disintegration. 

Sandy to gravelly soils have a well developed lichen cover which may insulate 
them from freeze/thaw cycles (Melick et al., 1994). The extremely high gravel 
content of the Podzol prevents frost weathering due to dry conditions, so that only 
temperature weathering occurs. 

Soils from loose sediments are favored for weathering, e.g., the Haplic 
Cryosols at Casey and Arctowski. The latter also contains volcanic glass and po- 
rous slake which disintegrate particularly easily. In the Stagnic Cryosol, the gneiss 
and schist layers stretch vertically and favor penetration and freezing of water in 
fissures. High contents of primary minerals in the clay fraction demonstrate that 
the physical weathering was intense; easily fissionable minerals like feldspar and 
mica occur, but so does quartz. These findings agree with those of Bockheim and 
Ugolini (1990) and Beyer et al. (1999). 

Nearly all examined soils of the humid Maritime and East Continental Antarc- 
tic are strongly acidiOed (Blume et al., 1997; Beyer et al., 1999). Only soils on 
very young moraines with carbonates were pH neutral to alkaline, such as soils of 
the dry Antarctic Cold Desert that Campbell and Claridge (1987) and Beyer et al. 
(1999) described. Organic acids are present, but primarily nitric acid and sulfuric 
acid. 

Snow and soil algae cause the soils to be free of vegetation, like the two Haplic 
Cryosols. Microorganisms later mineralize the biomass. Nitric and sulfuric acid 
(Blume and Boelter, 1996) then arise from nitrification and sulfiirication. Blue- 
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green algae also promote these processes through binding air nitrogen. The algae 
of many lichens also have this ability. 

The relatively strong acidification of soils from leuco gneiss results from its 
low neutralization capacity. Soils from basalt and schist have a higher neutraliza- 
tion capacity in principle, but low temperatures seem to retard the neutralization. 

Birds also intensify soil acidification. Feces of birds are alkaline at first but 
promote later acidification of the soils (Tatur, 1989). The excrements of the birds 
are enriched with nutrients so that a luxuriant vegetation follows the birds’ rooker- 
ies. Primarily nitric and sulfuric acid arise from the proteins of the feces, however, 
due to a strong microbial activity in the soil. Many soils of the Antarctic close to 
the sea reflect this. Penguins lay out their rookeries up to 50 m high. Large areas, 
now up to 100 m, rose during the holocene due to the melting of ice (Myrcha and 
Tatur, 1991) and were contaminated by bird excrements. Phosphate analyses of 
many soils around Arctowski have shown that this applies to almost all sites there 
below 60 to 70 m above sea level; only the soils of very young moraines were af- 
fected little (Blume et al., 2000). 

Chemical weathering also took place. Clear surface corrosions show some 
mineral species like feldspar, pyroxene, and mica. The appearance of pedogenic 
iron oxides (see also Beyer and Bolter, 1998), as well as illites and smectites in the 
clay fraction, indicates solution-chemical weathering. Despite low temperatures, 
strong physical weathering and cryoturbation promote chemical weathering, be- 
cause a permanent formation of new surfaces allows acids to react intensively 
(Kopp, 1970; Kopp and Kowalkowski, 1990). The water is available for solution- 
chemical weathering in the warm summer months with humid climate conditions. 
In addition, relatively many formers of organic complexes appear in the soils with 
plant cover, despite a small biomass production, because of the very low microbial 
activity in the soil. These complex-formers bind extracted weathering products 
and promote frirther solutions. They facilitate podzolization (Blume et al., 1997; 
Beyer and Bolter, 1998). For the Antarctic Peninsula region, Myrcha and Tatur 
(1991) postulated that strong action of guano solutions entirely leached iron from 
the soil. 

These findings of acidification, brownification, and sometimes podzolization 
under cold but humid periglacial conditions agree with those of Kowalkowski and 
Borzyskowiski (1973), Kopp et al. (1982), and others who believe the same holds 
true for Central Europe during the late Pleistocene. 

How is it possible that others think that chemical weathering does not play a 
remarkable role in polar desert soils? Some made observations similar to ours, but 
their interpretation was different. For example, O'Brien et al. (1979) analyzed a 
soil on an old moraine from metamorphic rocks of Elephant Island. This soil is ex- 
tremely acidic, and most of the minerals of the sand fraction are intensively 
weathered and thus could not be identified. O'Brien et al. (1979) interpreted a low 
intensity of weathering because they did not find differences between topsoil and 
subsoil. In our opinion such a conclusion is not possible, as cryoturbation greatly 
mixed the horizons. 

The mineral formation also proved meaningful. Both the Stagnic Cryosol 
formed from schist and the Gelic Podzol formed from basalt showed illite and 
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smectite but no kaolinite in the clay fraction. Illite formed from mica, due to cryo- 
clastic weathering and a loss of potassium. Conceivably, however, smectites 
formed from basalt from a solution of pyrocene products, because the mica con- 
tents are low. 

In addition, iron oxides have formed. Goethite was present and brownification 
of the soils with vegetative cover occurred. Ferrihydrite was suspected in relation 
to the reddish brown colors of the B horizons (e.g. 7.5 YR 5/8 in Table 3.5.1b). 
But the contents of Feo were generally low, whereas the contents of Fep were often 
high, together with high ODPE values (and phosphate contents). This indicates 
organically bound iron (together with iron phosphates: e.g. the B horizons of the 
Podzol in Table 3.5.4). 

Bockheim’s and Ugolini’s (1990) “rubification” seems to be mainly a forma- 
tion of organic iron complexes, together with phosphates, at least in our soils 
(Beyer et al., 1997). On rocks as well as stones, and in the first millimeters of soil, 
iron oxides also formed under the influence of lichens (Chen and Gong, 1995). 

The activity of birds, particularly of penguins, led to the formation of phos- 
phate minerals in many soils of the continental and maritime Antarctic. Also, 
new compounds resulting from reactions with weathering products, primarily Al 
and Fe, formed in addition to the apatite (the phosphate of the bird bones), includ- 
ing arktowskite, strengite, taranakite, variscite, vivianite, and others (see also 
Myrcha and Tatur, 1991). Strengite and vivianite will develop only under reduced 
conditions. At the Umbrisol, a former penguin rookery, we analyzed up to 12% Pt 
in the fine soil (Table 3.5.5c). This would be 61% variscite or 65% apatite. The 
contents in the clay fraction should be even higher; however, with X-ray, we 
found only 20-30% (Table 3.5.8): A great part of the phosphate in the clay fraction 
is probably amorphous, perhaps as iron phosphate to organic complexes. This 
could explain the relatively high Fep content of these soils. They are only partially 
oxalate extractable, and these high contents correspond with high contents of mo- 
bile humus (Table 3.5.1c). 



7. Summary 

We Studied the mineralogy of representative soils near Casey, Wilkes Land, Con- 
tinental Antarctic, and near Arctowski, King George Island, Maritime Antarctic, 
using a microscope, an electronic microscope. X-ray, and chemical analysis. The 
mineralogy of the sand and silt fractions, and parts of the clay fraction, reflect the 
geology of the sites: leuco gneiss, basic gneiss, and schist near Casey; tholeiite ba- 
salt and volcanic ashes near Arktowski. Cryoclastic weathering therefore was the 
main soil-forming process (beside cryoturbation). 

But most of the studied soils were medium to highly acidified, down to pH 4. 
Chemical weathering also took place, especially for soils with vegetative cover. 
Clear surface corrosions show some mineral species like feldspar, pyroxene, and 
mica. The appearance of pedogenic iron oxides, as well as illites and smectites, in 
the clay fraction also indicate solution-chemical weathering. We believe that 
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physical weathering and cryoturbation promote this. A specialty of many Antarc- 
tic soils are phosphate minerals like apatite, arktowskite, strengite, varicite, and 
vivianite, due to a large influence of birds, especially penguins. 
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1. Introduction 

The arid Cryosols form in a very low-energy environment. The prevailing tem- 
peratures are very low, mean annual temperatures being everywhere below freez- 
ing, and the active layer of the soil is only above freezing for a very short time 
(Campbell and Claridge, S. 3, Ch. 4)). Moisture availability is also very low, be- 
cause for most of the time any moisture present is in the form of ice, while the ab- 
solute amount of water is also extremely low because of very low precipitation. 

Nevertheless, weathering processes operate, leading to alteration of soil materi- 
als, the formation of soil horizons, and obvious although minimal soil develop- 
ment. Both physical and chemical weathering processes operate, although the de- 
gree of chemical weathering is relatively small and the regolith is very largely a 
product of physical or mechanical weathering processes. 



2. Physical Weathering 

The major processes of physical weathering and rock disintegration in Antarctica 
are glacial action; the action of water in various forms, as liquid, ice, and vapor; 
salt weathering; insolation; and wind action. The regolith forms through the com- 
bination of these processes. 
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2.1. Glacial action and rock decay 

Undoubtedly, direct glacial erosion has been a major agent in the destruction of 
rock and the ultimate formation of landscape and regolith in Antarctica. Although 
soils do not occur exclusively on till, the main product of glacier erosion, most 
soils, and particularly those showing the greatest profile development, formed on 
these deposits. Features such as cirques, “roches moutonnees,” glacial benches, 
mamillated surfaces, etc., formed as a result of abrasion and ice plucking, perhaps 
best provide evidence of glacial erosion. 

The main product of glacial erosion of course is till, which glacial retreat de- 
posits. Subglacial till, derived largely through glacial abrasion, is poorly sorted, 
although it generally has relatively high amounts of sand and silt. 

However, much of the till from which soils formed in Antarctica appears to be 
supraglacial (ablation till) rather than subglacial. It formed from debris that fell 
onto the glacier after rock disintegrated on the valley walls and subsequently was 
deposited at the glacier surface as the ice stagnated and ablated. 



2.2. Rock disintegration 

The nature of the rock strongly influences much of the rock’s disintegration. For 
example, dolerites initially split along cleavage planes, at times forming huge 
prismatic blocks, but subsequent weathering of the surfaces commonly occurs by 
small-scale exfoliation and crumbling, giving rounded rock surfaces. 

Granite is particularly susceptible to granular disintegration. Argillite shows a 
strong tendency to split along cleavage planes, while sandstone and orthoquartzite 
crumble into individual grains. Surfaces cemented by the formation of a strong 
weathering skin tend to flake off. 



2.3. Water and rock decay 

Water, in its various forms, helps rock to decay in Antarctica, but its effectiveness 
varies according to local conditions. In areas of high elevation and very low tem- 
peratures on the Inland edge of the Transantarctic Mountains, free water is rarely 
present and ablation removes snow and ice. Under these conditions, little water is 
available for rock decay. 

It seems likely that rocks in the coldest and most arid areas may split because of 
temperature changes or through water vapor’s freezing within fine rock cracks, 
rather than through the freezing of liquid water. Hairline cracks in some rocks, on 
splitting apart, have been found to contain thin films of clay-like material, sug- 
gesting that moisture may be present at times, possibly as vapor or as strongly sa- 
line solutions with depressed freezing points (see below). 
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At lower elevations in glacial valleys, in some northern and coastal situations 
and in the dry valleys, northerly winds and accompanying low clouds give warmer 
and moister conditions. Ablation and evaporation are still high, but, generally, 
there are more signs of free water, which forms occasional, small melt pools in 
hollows in rocks and collects as icicles. Notwithstanding the visible presence of 
some water, there is little sign that physical disintegration of rocks is substantially 
more active or effective than in the very arid regions at the edge of the central 
plateau. 



2.4. Salt weathering 

Crystallization of salts from solutions confined within pores and fine cracks exert 
pressures that can fragment rocks. Wellman and Wilson (1965) and Cooke and 
Smalley (1968), among others, have shown that the process is similar to frost 
weathering, with crystal growth exerting sufficient pressure to separate mineral 
grains or rock fragments. Wellman and Wilson (1965) consider that the necessary 
conditions for salt fretting are a supply of salts, sites protected from wind and rain 
in which salt can accumulate, and cyclic changes in humidity and/or temperature 
that pass through the crystallization point of at least one of the salts present. For 
erosion to occur, as distinct from rock breakdown, an agent such as wind must re- 
move the disaggregated material. Salt fretting is similar to most other erosive pro- 
cesses, in that there is a well defined water or permafi*ost base level below which it 
does not act, but it differs from other erosive processes in acting most rapidly on 
the undersides of rock surfaces. 



2.5. The effect of insolation 

Although air temperatures are very low, solar radiant heating of soil and rock sur- 
faces can raise them to temperatures in excess of 25°C. Black (1973) reported 
over 100 freeze-thaw cycles annually in some areas and considered that these 
would cause granular disintegration and splitting of small stones. 

We have found (Balks et al., 1995) that, at Marble Point, on the coast of 
McMurdo Sound, and beside Lake Vanda, in the Wright Valley, relatively few 
freeze-thaw cycles occur each year, at the beginning and end of the short summer 
period, although daily temperatures fluctuate. However, insolation does not appear 
significant in causing particle-size reduction. 

In some places, however, some evidence for the process can be seen. Some 
sandstones or coarsely grained granites show distinct flaking, whereas similar 
rocks close by do not, indicating that slight differences in porosity or cracking 
pattern may render some rocks more susceptible. Likewise, heaps of shattered 
darkly colored rocks suggest that insolation may have been an important mecha- 
nism in the breakdown of the rock, possibly due to a greater number of ffeeze- 
thaw cycles as a consequence of the dark color of the rock. 
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2.6. Wind action 

Wind long has been recognized as an important agent in rock decay in Antarctica; 
it may, in many situations, be more important in the modification of landscapes 
and regolith formation than ice or water. Wind not only removes and transports 
rock particles effectively; it also contributes to rock disintegration. Strong winds 
carrying particles of snow, ice, or sand abrade the rocks, break them down by re- 
peated bombardment, and remove the disintegrated rock materials. This gradually 
reduces the size of the rocks protruding above ground and redistributes fragmental 
material. The abrasion generally forms faceted rather than rounded rocks. 

Where boulders protrude above an open ground surface, the influence of wind 
in transporting, sorting, and abrading is clear. The wind redeposits fine material 
from the sides and the upwind end of the boulders in the lee as a “tail” of fine 
gravel. Close to the boulder side or, in some cases, beneath the boulders, where 
wind velocities are greatest, the removal of finer particles leaves the coarser mate- 
rial concentrated as a lag pavement; at the same time, the lag stones are abraded to 
a greater degree than stones farther away from the boulders. This creates the desert 
pavement characteristic of arid Cryosols. Wind also moves the products of rock 
disintegration from exposed surfaces, where lag gravels do not protect them. 

The ultimate destination of particles that move on moraine and valley floor sur- 
faces is not clear because few extensive deposits of windblown material occur. In 
the ice-free valleys of South Victoria Land, aeolian deposits are rare and generally 
comprised of poorly sorted gravel ripples, sand sheets, and some dunes. In many 
places, small accumulations of sand occur in patterned ground cracks. These are 
obvious sites for the accumulation of saltating or drifting material because of the 
sheltered environment the depressions create. It is likely that most of the wind- 
transported sand becomes incorporated into the regolith through patterned-ground 
processes, although some may be blown out to sea. 



2.7. Frost action and stirring within the regolith 

Comparison of soils from young, intermediate, and old land surfaces shows that, 
with increasing age, the soils contain increasing amounts of material of fine parti- 
cle size. The proportion of clay in the soils distinctly increases with time, mainly 
because of physical weathering, although the increase is small. Processes resulting 
in physical breakdown of rock material include frost action, contraction and ex- 
pansion with associated ice-wedge phenomena, and thawing and ablation proc- 
esses. 

Frost action occurs mainly within the top few centimeters of the soil and is a re- 
sult of freeze and thaw action after periodic wetting by snow meltwater. It often 
forms a crusty surface horizon and weakly cohesive layers, just below the surface, 
that are slightly vesicular through freezing of water droplets. In hollows in low- 
lying depressions, freeze and thaw is more effective and soils have a higher pro- 
portion of silt- and clay-sized material than in drier soils. Freeze-thaw processes 
can produce materials less than 0.5 pm (McDowall, 1960). Even dry soils give 
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evidence of some particle-size reduction in the regolith, judged by particle-size 
changes down the soil profiles. Water vapor within the soil may cause this, as oc- 
casionally shown by precipitation of soluble salts on the faces of profile pits that 
have been exposed to warming by the sun. 



3. Chemical Weathering 

Although physical weathering processes are dominant in Antarctica, clear evi- 
dence exists of chemical weathering, although its extent may be difficult to gauge. 
The most noticeable indication is a red or brown staining on rocks; dolerite is 
stained a very dark reddish brown; granite and metamorphic rocks a lighter rust 
color; while pale yellow quartzite of the lower Beacon Supergroup is flecked with 
the remnants of a rusty colored coating which appears to be disintegrating under 
present conditions. 

Rocks containing traces of copper minerals sometimes show pronounced green 
surface staining. Only the younger volcanic rocks show no evidence of chemical 
weathering; they remain starkly black. 

However, when examined more closely, the effects of chemical weathering are 
not readily apparent in analytical results. Some workers consider physical weath- 
ering predominant and chemical weathering negligible. However, they do observe 
many of the features characteristic of soils of the McMurdo Sound region: high 
pH, the presence of water-soluble salts, and slightly expanded, dioctahedral- 
micaceous, clay minerals. 



3.1. Staining 

The most obvious effect of chemical weathering is staining on rock surfaces, 
commonly although mistakenly termed desert varnish. Staining occurs on the 
rocks of most older glacial land surfaces and cliff faces, particularly in sheltered 
situations. On hard rocks, such as dolerite, granite, or schist, the staining may 
completely coat the rock surfaces, although the stain may be blotchy rather than 
continuous, as is generally the case on granite or schist in coastal situations. 
Coatings on granite are thinner and paler in color than those on dolerite, due to the 
lower content of ferromagnesian minerals, largely biotite, in granite. 

The staining is a thin cover on the rock surface, produced by the weathering of 
ferromagnesian minerals, which are almost completely weathered to a depth of 
about 1 mm from the surface. The iron contained in these minerals either filled the 
voids or migrated to the surface to form a surface coating, enriched in iron and 
silica, on quartz and feldspars, which resist further weathering (Glasby et al., 
1981). 

Coarsely grained sandstones often show a rusty brown surface stain, forming an 
iron oxide crust that cements the grains together and gives the surface a somewhat 
greater strength than the bulk of the rock. However, the fretting processes tend to 
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remove the crust rather readily, and small pits of relatively unweathered and 
palely colored rock may pockmark an apparently smooth rock surface, contrasting 
with the more coherent, iron-oxide stained and cemented coatings. In general, 
coatings are more extensive on the surfaces of finely grained rocks, since coarsely 
grained rocks tend to crumble under the influence of intergranular weathering. 

Specific minerals, such as goethite or hematite, have not been identified posi- 
tively in the coatings on rock surfaces. The iron oxides probably only have short- 
range order, but the various colors indicate they may range from hydrous iron ox- 
ides with a goethite-like structure to anhydrous hematite-like material. The hema- 
tite-like minerals in coatings on rock surfaces suggest, therefore, that goethite-like 
structures can dehydrate, even under low temperature and humidity, given suffi- 
cient time. It is significant that the reddest colors occur in the most arid regions 
and on surfaces that have been exposed to weathering for very long periods of 
time, on the order of millions of years. 



3.2. Pitting 

On older weathering surfaces, strongly stained surface stones, particularly finely 
grained dolerite, develop prominent pits. The development of pits clearly relates to 
rock texture, just as surface staining and polish relate to rock texture. Very finely 
grained dolerite shows a micropitting pattern of closely spaced pits as small as 5 
mm in depth and in diameter. More coarsely grained dolerite shows a much 
coarser pitting pattern, with pits up to 40 mm across and 20 to 100 mm deep. The 
bottom surfaces of the pits are often brighter in color and much rougher than the 
polished upper surfaces of the rock and the pit openings. 

Accumulation of moisture formed the pits, probably salt solutions with a low- 
ered freezing point in irregularities on the rock surface, selective chemical weath- 
ering of the ferromagnesian minerals, and removal of unweathered grains by salt- 
wedging. As the irregularities enlarge and deepen, further moisture accumulates 
and weathering continues. Wind removes loosened fragments and abrades the up- 
per surfaces of the pits, polishing them and leaving a smooth surface on which the 
oxide coating can accumulate. 



3.3. Soil colors 

The more finely textured material within tills with age becomes progressively 
stained more strongly and to a greater depth. Young soils are almost completely 
lithochromic, with very pale colors, while stongly weathered soils range from 
yellowish brown to yellowish red. The color reflects the presence of amorphous 
iron and aluminium oxides on the surface of mineral grains. 

In the laboratory, reducing and complexing agents, such as citrate-bicarbonate- 
dithionite, can remove these coatings and allow one to measure the amount of iron 
in the coatings (Mehra and Jackson, 1960). In general, the older or more weath- 
ered soils contain larger amounts of extractable oxides. Soils developed on dol- 
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erite, with a higher content of weatherable minerals containing iron, generally 
have higher contents of extractable Fe 203 , and hence stronger colors, than soils 
from granite or sandstone. 



3.4. Influence of salts on soil weathering 

During chemical weathering, ions are released from rock minerals but, because of 
the arid climate and the absence of leaching, they remain in the soil as accumula- 
tions of water soluble salts or encrustations on rocks. Study of their distribution 
and composition provides clear evidence for chemical weathering processes. 

The presence of water soluble salts within the soil is almost essential to chemi- 
cal weathering processes, which cannot proceed in the absence of moisture. Al- 
though very little moisture is available in the arid Cryosols, concentrated salt so- 
lutions may remain unfrozen and, thus, chemical weathering and movement of 
ions may occur within the crevices of rocks and on the surfaces of apparently dry 
rocks and may lead to mineral transformations. 

The composition of the salts in arid Cryosols clearly indicates chemical weath- 
ering processes. The salts consist largely of the chlorides, nitrates, and sulphates 
of sodium, potassium, calcium, and magnesium. Combinations of these anions 
may form almost all of the possible crystalline phases, including double salts, and 
cations have been identified in soils (Keys and Williams, 1981; Claridge and 
Campbell, 1977). 

The salts may occur in the soil as coatings or efflorescences on the soil surface, 
as accumulations on the undersides of stones where the evaporation or sublimation 
of saline solutions moving to the soil surface leave them, or as discrete horizons, 
sometimes up to 15 cm thick, of crystalline salt, with very little mineral matter. 
Where there is a large proportion of calcium, especially where marble is present in 
the parent material, calcite encrustations may form on the undersides of surface 
stones. 

Calcium and magnesium derive largely from weathering of ferromagnesian 
minerals (augite, hornblende, etc.) in dolerite and biotite, etc., in granites. Potas- 
sium derives largely from the weathering of muscovite and to a small extent from 
potash feldspar. Sodium may be derived from the weathering of sodium feldspars, 
etc., but is largely of marine origin. Smaller amounts of calcium, magnesium, and 
potassium also may be of marine origin. 

Soils formed largely from dolerite have a high proportion of calcium and mag- 
nesium ions, while soils formed from granite contain more potassium. Sodium is 
almost everywhere the dominant cation, indicating the greater contribution of salts 
of marine origin to the soils. The anions all are derived atmospherically, rather 
than being a consequence of chemical weathering, and indicate the course of at- 
mospheric circulation. 

The nitrate and sulphate ions which dominate the anions in soils of the inland 
regions of the Transantarctic Mountains originate as protein compounds in the 
foam blown from tropical oceans and transported through the upper atmosphere as 
part of global atmospheric circulation (Claridge and Campbell, 1968). During the 
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transport process, chloride is removed preferentially, while nitrate and sulphate, in 
the form of nitric and sulphuric acids, remain. Chloride, on the other hand, derives 
from precipitation from moist air masses moving inland from the polar oceans and 
carrying salts with the composition of sea water. 



3.5. Clay mineral formation 

The presence of authigenic clay minerals in rocks and soils is clear evidence of 
chemical weathering processes in some arid Cryosols. In soils formed from trans- 
ported material and, possibly, also in soils formed apparently from weathering in 
situ, the dominant minerals found were illite and hydrous micas, derived largely 
from finely grained micas contained within the Beacon Supergroup sediments 
(Claridge, 1965; Claridge and Campbell, 1968a). 

The only evidence for chemical weathering in these minerals is the increase in 
hydration, shown by the transformation of mica though illite to interlayered hy- 
drous micas and vermiculite. However, where weathering occurs in the presence 
of abundant magnesium ions and high pH, such as in undrained hollows and de- 
pressions where moisture and salts are abundant, or in soil formed directly on 
weathering dolerite, smectite can be detected, sometimes in quite appreciable 
amounts (Claridge, 1965; Campbell and Claridge, 1967, 1982). 

Weathering of mica usually proceeds as far as vermiculite, but further weath- 
ering may either transform it to aluminium chlorite, by precipitation of aluminium 
hydroxide in the interlayer, or degrade it to kaolin. Although kaolin minerals, 
apart from halloysite, do not occur in the arid Cryosols of the Transantarctic 
Mountains, aluminium chlorites occur in some of the more strongly weathered 
soils in Antarctica. 

Weathering of dolerite leads to a smectite mineral, characterized as an iron-rich 
nontronite-montmorillonite intergrade, in some cases very well crystallized 
(Claridge and Campbell, 1984). Smectite formation depends on moisture avail- 
ability. In the most arid situations, on the inland edge of the Transantarctic 
Mountains, smectites do not form, and the clay fraction contains instead almost 
unweathered fragments of glassy dolerite. 

Kaolin minerals do not occur in arid Cryosols, as the weathering intensity is not 
great enough, even though the time available for weathering can be very great. 
However, traces of halloysite, a tubular kaolin-type mineral, occur in some soils of 
the McMurdo Sound region, where it is associated with the weathering of widely 
distributed volcanic ash, which may have been deposited up to 15 million years 
ago and, on glaciological evidence, was deposited probably more than 3.5 million 
years ago (Claridge and Campbell, 1974b; Marchant et al., 1993). 

Where salt concentrations are high and water is present, as in undrained basins 
and surrounding saline lakes, the soils may be damp or even saturated with con- 
centrated saline solutions of low freezing point. In these situations, weathering 
processes can proceed farther than in the drier soils. Soils can have very much 
higher clay contents than the dry soils that surround them, sometimes up to 30%, 
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with a high proportion of smectite (Claridge and Campbell, 1967). Soils in saline 
situations usually have an olive color. 

Where no obvious signs of saline groundwater appear, thin films of saline solu- 
tion may be present in the interstices between grains of soil or in cracks in rocks, 
thus permitting ionic migration and mineral transformations to occur. Ugolini and 
Anderson (1973) showed that, even at -5°C, an appreciable amount (0.003g H 2 O 
per g soil) of liquid water was present within the soil interstices and between 
grains. This small amount of highly saline and reactive liquid allows chemical 
weathering processes to continue, even at very low temperatures. 

The reactivity of water generally is enhanced in these films only a few mo- 
lecular diameters thick (Fripiat et al., 1965; Chaussidon and Pedro, 1979), and the 
effective acidity can be high, perhaps of the order of 0.5M). Thus the removal of 
potassium from the interlayers of muscovite occurs, leading to the formation of il- 
lite and vermiculites and the neoformation of smectites. At the same time, mineral 
grains are attacked and the released cations added to the soil solution. Liquid films 
can persist in soils at temperatures as low as -5 1 °C, the freezing point of a satu- 
rated calcium chloride brine. 

In some cases, zeolites may form in soils. Traces of chabazite occur in a soil in 
the floor of the Wright Valley (Gibson et al., 1983), consistent with the finding of 
chabazites in other arid environments under alkaline, saline conditions. Philipsite 
occurs in some soils of the Taylor Valley (Linkletter, 1974), formed by the altera- 
tion of ash that had fallen into saline lakes with a high pH and sodium content and 
had weathered to phillipsite, along with some hydrous micas. The zeolites occur in 
old soils formed after the saline lakes had dried up. In the same area, we found the 
halloysite which has already been described and which probably was formed from 
the same ashy material. Philipsite also occurs in an old lake deposit at Marble 
Point. 



4. Biological Weathering 

Soil organisms have little or no observable influence on weathering processes in 
arid Cryosols, because of the very limited distribution of plants and animals 
(Ugolini and Perdue, 1968; Ugolini and Grier, 1969; Ugolini, 1977). Mosses, 
which occur in small isolated patches on very young soils near ephemeral streams, 
tend to concentrate salts preferentially with respect to the underlying mineral soil, 
even to the point of toxicity and eventual destruction of the plant cover (Ugolini, 
1977). 

However, cryptoendolithic organisms cause some degree of rock breakdown, 
which may contribute to a characteristic weathering pattern, exfoliating the sur- 
face skins of sandstone and other porous rocks (Friedmann, 1982). By this proc- 
ess, exudates from the lichen hyphae dissolve the cementing substance between 
the sandstone grains, and the upper crust peels off, exposing the lichen, which then 
penetrates farther into the sandstone. Lichen exudates also may mobilize iron 
compounds within the sandstone so that they move to the surface where they are 
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precipitated. This produces bleaching within the zone of lichen growth and dark- 
ens the surface layer. Some iron may be moved deeper into the rock. 

This type of rock breakdown may be more widespread than previously thought 
and many rock surfaces may be affected, although this process is very slow, with 
weathering cycles possibly on the order of ten thousand years. Crustose lichens 
can be observed breaking up the surface of weathered granite boulders and lifting 
the exfoliating surface of weathering dolerite. Whether these lichens are responsi- 
ble for much of the chemical weathering and exfoliation of such rocks, or whether 
a weathered rock surface provides a porous medium for endolithic organisms to 
invade and occupy, remains to be determined. The scarcity of biological occur- 
rences means that the overall effect of any biological weathering must be slight. 



5. Conclusion 

Due to the relative insignificance of chemical weathering, physical processes are 
most important for regolith formation and soil development in Antarctica, but the 
very arid environment restricts the effectiveness of processes such as freeze and 
thaw, while the intense cold diminishes the influence of glacial erosion. The com- 
bination of extreme cold and aridity acting over long periods of time has produced 
many unusual features, which need to be taken into account when considering the 
origin of the regolith and subsequent soil formation. Differences in mode of abla- 
tion, windiness, available moisture, salt deposits, aspect, rock type, etc., all may 
exert an influence on regolith formation. Within the regolith itself, physical proc- 
esses including patterned ground formation and granular disintegration also influ- 
ence the expression of soil morphology. 

While chemical weathering is not the dominant process causing rock disinte- 
gration and formation of soil parent material in arid Cryosols, it is significant and 
its presence can be demonstrated in a number of ways. It is not sufficiently im- 
portant to cause major changes in bulk composition of rocks or soils, but there is 
some weathering and decompositon of mineral grains, largely of ferromagnesians 
but also, in some cases, feldspars. Secondary weathering products are present as 
iron oxides coating grain and rock surfaces, as clay minerals formed within soil 
profiles and sedimentary deposits, as deposits of insoluble salts such as calcite or 
gypsum, as water soluble salts contained within the soil or as discrete salt horizons 
or encrustations, and in the formation of zeolites in certain special environments 
such as lacustrine sediments. 

The rate of chemical weathering is extremely slow, and most surfaces show lit- 
tle trace of its presence. However, the time scale in Antarctica is extremely long. 
Consequently, on old surfaces, which may have been exposed to weathering proc- 
esses like those of the present day for many millions of years, weathering may be 
relatively well advanced. 
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By definition, ecology is heavily oriented to organisms; its concern is all forms of 
life in relation to their environment (Coleman et al., 1992). Soil ecology thus con- 
cerns soil organisms and their interactions with chemical and physical soil com- 
pounds (Coleman and Crossley, 1996; Gisi et al., 1997). 

In both polar regions, low temperatures and the impact of permafrost restrict 
soil’s formation (Goryachkin et al.. Section 2, Chapter 1). If aridity is not the 
driving force in a polar ecosystem (Campbell and Claridge, Section 3, Chapter 6 
and Section 4, Chapter 6) accumulation of organic matter is the most striking soil- 
forming process because of the considerably high reservoirs of carbon in both cir- 
cumpolar regions (Batjes, 1996; Blume et al., 1996; Beyer et al., 1999). The bio- 
availability of soil organic matter (SOM) determines microbiological processes 
(Killham, 1994), and the release of nutrients does not inhibit plants’ adaptation to 
the microclimate (Woodin and Marquiss, 1997). Thus, organic matter, decompo- 
sition, and biological activity are this section’s main topics. 

Michaelson et al. (Section 4, Chapter 1) focus somewhat more on the soil pro- 
file level in Arctic Alaska. Cryosols to 1 meter there can contain large amounts of 
SOM, which vary with geomorphic region, character of the tundra cover, soils, 
and depth. In a pattern consistent with cold temperature preservation, 
decomposable fractions occur in largest proportions in the SOM of the permafrost, 
along with high concentrations of soluble C and cellulose, which easily could de- 
compose under warmer conditions. 

Zamolodchikov and Federov-Davydov (Section 4, Chapter 2) focus more on 
the landscape level and summarize the current data available on biological pro- 
ductivity and decomposition and their impact on soil formation in the Russian 
Arctic. More than half the cited references are in Russian, so the chapter is a large 
source of information for non-Russian terrestrial polar scientists. 

Soil ecological information is less avalaible from the southern circumpolar re- 
gions (Beyer et al., 1999). In addition, most pedogenic knowledge derives from 
the highly arid Dry Valley Region (Campbell and Claridge, 1987; Bockheim and 
Ugolini, 1990), but assumptions have changed remarkably since Blume and 
Bolter’s 1993 publication (see Goryachkin et al., Section 2, Chapter 1; Tamocai et 
al.. Section 5, Chapter 1). 
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This section’s third and fourth chapters focus on the SOM of Antarctic soils, 
which has been overlooked for decades (e.g., Campbell and Claridge, 1990; 
Bockheim and Ugolini, 1990). Both of these chapters support Bolter and Kan- 
deler’s point (Section 4, Chapter 5) that we need to discover the origin of Antarc- 
tic SOM. This should be a research priority. 

Bolter and Kandeler (Section 4, Chapter 5) describe the microbial community 
and summarize the impact of temperature, moisture, and aeration on microbes and 
microbial activity. They also focus on the interactions between particulate and dis- 
solved organic matter (together with SOM) and microbes and their activity and 
conclude that SOM quality and availability are major concerns. 

Vassiljevskaja et al.’s Chapter 7 focuses on the biology of arid Cryosols of the 
Transantarctic Mountains. These extremely arid soils are generally unfavorable 
environments for plant and animal life because of low temperatures and lack of 
available moisture. However, organisms have managed to colonize these soils, and 
simple ecosystems have developed. Current data about soil biology from the Dry 
Valley region suggests that more information on the interactive processes in soil is 
required to characterize the soil’s ecology. However, because of the extreme fra- 
gility of these highly aged soils, the installation of technical equipment (e.g., litter 
bags) and/or frequent sampling should be minimized. Scientific curiosity is no 
Justification for the destruction of soil. 
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1 . Introduction 

Soils of northern regions contain about 26% of the terrestrial C-stocks; the Arctic 
and boreal zones each hold about 12 to 13% (Post et al., 1982). Under the climatic 
conditions of the recent geological past, these regions have served as a sink for 
atmospheric carbon. Recent research efforts in Alaska have shown that tundra 
which has exhibited sink activity up to the 1970s has now, in the past decade of 
1980 to the 1990s, reversed net C-flux activity and become a source of atmos- 
pheric carbon (Oechel et al., 1993). 

This reversal has occurred along with a period of warming climatic conditions for 
the region. Models of the earth’s climate identify the northern regions as having 
the potential for the greatest warming as recent climate warming trends continue 
(Kahl et al., 1993). With soil respiration being the largest component affecting the 
flux of C from the tundra to the atmosphere, understanding the Cryosois, their bio- 
logical activity and available soil substrates, will be necessary to predict the ef- 
fects of climate change on the ecosystems of the northern regions. 

Temperature and moisture conditions control soil profile development, micro- 
bial respiration in soil, and, hence, the character of soil organic matter. Tempera- 
ture and moisture affect the accumulation and distribution of C-stocks in the soil 
profile through controls on vegetation, cryogenic soil processes (such as cryotur- 
bation), and the presence of or depth to permafrost. 

The following discussion is in two parts: first, C-storage amounts and the dis- 
tribution of C-stores; second, the character of soil organic matter (SOM) and its 
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influence on bioactivity of C-stores under cold conditions. This information is 
necessary to more fully revealing the function that soils of cold regions play in 
northern ecosystems and how they will respond to changing environments. 



2. Storage and Distribution 

2.1 . C storage 

Several studies have reported C-stock estimates for tundra Cryosols (Table 4.1.1). 
Values for tundra soils vary from 3 to 1 10 kgC/m^. The estimates vary with char- 
acteristics such as soils selected (under differing tundra types at different loca- 
tions) and the depth of measurement. Many estimates include only the soil’s or- 
ganic layer and/or the upper mineral horizon. These surface soil layers were 
thought to be most active in nutrient cycles and in their exchange of C with the 
atmosphere, and, for most soils, these layers contain virtually all of the C-stocks. 



Table 4.1.1. C-stores in tundra Cryosols, from selected literature. 



Location 


Land Cover 


Stores 

Measured 


C-Stores 

KgC/m^ 


Reference 


Barrow, AK 


Tundra 


0-20 cm 


20 


Chapin etal., 1980 


Coastal plain 










Circumpolar 


Moist tundra 




11 


Post et al., 1982 


sites 


Wet tundra 




22 






Rain tundra 




37 




Coastal plain 


Wet tundra 


0-100 cm 


no 


Schell and Ziemann, 










1983 


Alaskan Arctic 


Tussock tundra 


0,A 


29 


Oechel and Billings, 




Wet sedge 


0,A 


13 


1992 




Overall 


0-20 cm 


20 




High Arctic to 






4-63 


Tamocai and Smith, 


Boreal 








1992 






0-100 cm 


3-101 


Kimble et al., 1993 


Central AK 


All major tundra 






Michaelson et al., 1996 


Arctic 




0-100 cm 


16-94 




Coastal plain 




0-100 cm 


62 




Arctic foothills 




0-100 cm 


44 




Active layer 




0-100 cm 


27 




Permafrost 




0-100 cm 


26 





However, we have known for some time that many Cryosols typically contain 
significant C-stores at depth (Douglas and Tedrow, 1959; Tamocai and Smith, 
1992; Michaelson et al., 1996). More recently, we have recognized that the C- 
stocks of the subsurface active layer and upper permafrost are important to the 
function of Cryosols in Arctic ecology and to the functioning of the Arctic on a 





S. 4 Ch. 1 Organic Matter and Bioactivity in Cryosols of Arctic Alaska 



465 



global scale. Subsurface C-stocks are thought to be active in cold-season respira- 
tion of C to the atmosphere, through continued biological active at low tempera- 
tures (Zimov et al., 1993; Oechel et al, 1997). Recognition of the significance of 
subsurface C-stocks in Cryosols points to the importance of knowing more about 
their quantity and quality. 

Ping et al. (1998) reported detailed characteristics of Alaskan Cryosols, and 
Michaelson et al. (1996) and Bockeim et al. (1998) made detailed studies of 
Cryosol C-stocks. Soils in these studies represent the Gelisol order of the U.S. 
classification system (Soil Survey Staff, 1998), as Gelisols support the major tun- 
dra types of Arctic Alaska. 

The Arctic region of Alaska is divided into two physiographic areas: first, the 
coastal plain that extends from the Arctic Ocean to the northern edge of the Arctic 
foothills; second, the Arctic foothills south of the coastal plain, extending to the 
northern foothills of the Brooks Range. 

The studies of Cryosols mentioned above were in the Kuparuk River basin that 
occupies the central part of the Alaskan Arctic and spans the two physiographic 
areas. Auerbach and Walker (1995) mapped the Basin’s vegetative cover classes, 
and the basin contains the major vegetative land cover classes found across Arctic 
Alaska. Walker et al. (1998) recognized that surface soil reaction (as measured by 
pH) exerts a fundamental influence on the composition of the tundra plant com- 
munity and thus provides the major division for the classification of vegetative 
cover (acidic versus nonacidic tundra), with soil moisture as the secondary classi- 
fier (wet, moist, and dry). 

Ping et al. (1998) and Michaelson et al. (1996) measured soil characteristics 
and C-stocks in the soils of the major tundra cover classes and found the same fac- 
tors to be important in both the formation of Cryosols and accumulation of C- 
stocks. These important factors include low temperature, frost action (ice wedge 
polygon formation and cryoturbation), and soil moisture or redox condition. 

The cooler temperature regime of the Cryosols favors accumulation of SOM 
and increasing C-stores. In general, average C-stocks were higher, at 62 kg C/m^, 
for soils of the northern coastal plain region than at 44 kg CW for those of the 
more southern foothills region. The coastal plain region’s MAAT is cooler at -12.8 
to -10.3^C and MAST at 50 cm -7 to -9°C than the foothills’, where MAAT and 
MAST temperatures are 2 to 4 ®C warmer (Ping and Moore, 1993). 

Cryoturbation or frost mixing is a major factor that serves to increase soil C- 
stocks (Bockheim et al., 1998; Ping et al., 1998). Soil C fixed by plants in the or- 
ganic surface horizon is mixed into the lower mineral horizons. Through cryotur- 
bation, SOM is exposed to mineral interactions, lower temperatures, often more 
reducing moisture conditions, and possible encasement in the permafrost. All of 
these conditions of exposure result in the preservation or protection of SOM and 
buildup of soil C-stocks. 

The amounts of soil C-stocks under each tundra vegetative cover class vary 
considerably, as do the presence and degree of the conditions that promote soil 
development and the build-up of SOM, i.e., temperature, cryoturbation, and mois- 
ture. A rather broad range of C-stocks occurs for both tundra cover and soil class. 
In general, however, a broad picture of C-stocks appears if we allow for excep- 
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tions due to variability in local conditions that promote soil and SOM develop- 
ment (Figure 4.1.1). 

Michaelson et al. (1996) found that C-stocks were highest in the wet acidic 
tundra, followed by moist acidic tundra dominated by shrub and moss, nonacidic 
tundra with large polygons, nonacidic tundra with nonsorted circles or frost boils, 
and moist acidic tundra with Eriophorum tussocks dominating. The data of Bock- 
heim et al. (1998) showed a similar trend and presented a conceptual model for the 
effects of cryoturbation on soil C-stock enhancement. 

From this sequence (Figure 4.1.1) we can see that moisture and substrate reac- 
tions, which reflect soil development, are influential in preserving C-stocks, and 
cryoturbation is important in translocating C to lower horizons. The form in which 
frost action is expressed on the soil surface (either as large polygons or as active 
frost boils) also influences C-stocks through its effects on vegetation and soil tem- 
perature. Frost action not only mixes SOM but also exerts influence through its af- 
fect on surface vegetation, soil temperature, and depth to permafrost. 
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Figure 4,1.1. Examples of some major tundra cover classes, their soil classification (Ping et 
al., 1998), range of C-stores or TOC (Michaelson et al., 1996), carbon in active hydrophilic 
organic matter fractions (HI-C), and important mechanisms for SOM preservation. 
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2.2. C distribution 

Contribution of Cryosol C-stocks to terrestrial C are underestimated if based on 
older tundra C-stock estimates (Table 4.1.1) that account for only near-surface C- 
stocks. The C distribution in Cryosols follows a different pattern from that of soils 
in more temperate areas, due to the mixing action of frost processes. The ice- 
forming and -mixing processes of cryoturbation occur in many different ways, in- 
cluding the formation of ice wedge polygons and ground ice (Bockheim and Tar- 
nocai, 1998), diapiric and frost boil movement of soil layers (Swanson et al., 
1999; Shilts, 1978), and mixing due to slope movement. These processes heavily 
affect soil formation and C distribution in Cryosols. 

For Cryosols of the central Alaskan Arctic, including C-stores from the entire 
active layer and upper permafrost to 1 meter increases terrestrial C-stock estimates 
by as much as 2.5 times over those made using only C-stocks of the upper soil ho- 
rizons (Michaelson et al., 1996). Analysis of C distribution over a range of soils 
supporting the major tundra classes showed that the average distribution of C- 
stocks is in the ratio of about 1:1:2 for the active-layer organic horizons, active- 
layer mineral horizons, and permafrost (to 1 m), respectively. 

The genetic horizons of Cryosols typically contain different levels of C-stocks 
(Figure 4.1.2). The surface organic horizons, especially the Oa, are high in C (av- 
erage 29% OC) and contain a large portion of C-stocks, as one would expect for 
any soil. The mineral B horizons, although lower in C content (average 4.4% OC), 
typically are thick and contain nearly the same amounts of C as the Oe horizons. 
The mixed mineral/organic (B/0) horizons result from cryoturbation and are in- 
termediate in C content (average 10% OC), but they occur in thick zones with 
higher bulk densities and thus, on average, contribute to C-stocks in amounts simi- 
lar to those of the Oa horizons. The upper permafrost (to 1 m) is often a Cf hori- 
zon with lower C content (average 7% OC), but this zone is often 40-60 cm thick 
and thus contains large portions of the 1 m C-stocks. 
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Figure 4.1.2. Average Carbon stocks contained in some commonly found hori- 
zons of Arctic Alaskan Cryosols. Data from Michaelson et al. (1996). 



3. Character and Bioactivity 

3.1 . Character 

Cryosols can contain relatively large proportions of SOM substrates that, under 
warmer conditions, quite easily decompose (Ping et al., 1998; Michaelson and 
Ping, unpublished data). Sequential digestion of SOM indicates a high proportion 
in the fractions that include cell wall and cell wall-like components or reminates, 
the hemicellulose (Heel) and neutral detergent soluble substances (NDS). 

Cold soil conditions are likely responsible for the persistence of higher propor- 
tions of these components that are derived from detritial plant materials. These 
components account for 50 to 57% of OC in organic horizons, 35 to 49% of OC in 
B horizons, and 49% to 77% of OC in the upper permafrost (Cf horizons). The 
Heel and NDS normally occur in the surface organic horizons, as expected with 
annual production of vascular plants, but in Cryosols the highest proportions 
commonly occur in the SOM of permafrost. 

Mixing of SOM, resulting from cryoturbation, coupled with the much lower 
temperatures and higher moisture contents of lower horizons, retards decomposi- 
tion of SOM. Decomposition of cellulose and related compounds is retarded or 
stopped both with low temperature, through enzyme inhibition, and with high 
moisture levels, due to the limit they impose on physical processes (Lukins et al., 
1984). 
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Detailed analysis of SOM from permafrost Cf horizons (C.L Ping, unpublished 
data; Michaelson and Ping, 2003) shows that they also contain elevated levels of 
organic fractions of low molecular weight (35-75% of soluble OC) that include 
easily decomposed polysaccharides. In contrast, soils of the warmer active layer 
contain a lower range of the organic fractions of low molecular weight (9-30% of 
soluble OC). 

Michaelson and Ping (2003; unpublished data) examined SOM of the active 
layer and permafrost from acidic and nonacidic tundra soils. They found differ- 
ences in SOM character between the types of soil-vegetation substrates, with dif- 
ferences in soil moisture-temperature conditions for the two major tundra types. 
Acidic tundra contains higher proportions of humified SOM components in the ac- 
tive layer (23% of OC) when compared to nonacidic tundra (12% of OC). Soils 
associated with acidic tundra also contain larger stocks of labile water-soluble 
SOM components than do adjacent soils of non-acidic tundra. The greater buildup 
and preservation of SOM in acidic tundra is consistent with its greater moisture 
content and C-sink activity (Walker et al., 1998). 

Permafrost-encased SOM contains larger proportions of the fibrous cellulose 
component than does active-layer SOM. Cellulose in the active-layer SOM aver- 
ages 5% of OC, compared to 8% in permafrost. Low temperature and moisture 
control both the accumulation and character of SOM in Cryosols. For example, 
cryoturbated soil horizons contain, on average, 30% more water-soluble C than do 
surface organic layers, and these stocks average 66% higher labile-C content than 
those of the surface organic layers (Michaelson and Ping, 2003). The character of 
C-stocks, especially as it relates to decomposition, could be important to the func- 
tion of the Arctic system in the sequestration and flux of C under a changing cli- 
mate. 



3.2. Bioactivity 

Climate change affecting the temperature and/or the moisture regime of Cryosols 
could result in shifts in the balance of decomposition of SOM. Soil systems with 
sufficient nutrients increase respiration and the rate of decomposition of SOM to a 
new optimum level with an increase in temperature and moisture conditions. Stud- 
ies of soil respiration of Alaskan Cryosols show this response (Douglas and 
Tedrow, 1959; Flanagan and Veum, 1974; Nadelhoffer et al., 1991). 

C-flux studies on the landscape level also indicate the importance of the tem- 
perature-moisture dependency of respiration in the Arctic (Vourlitis et al., 1993; 
Christensen et al., 1998). The optimum moisture level for respiratory activity in 
organic soils occurs at a water content of about 200% of dry weight (Flanagan and 
Veum, 1974) and, for mineral soils, at a water content of about 60% of pore vol- 
ume (Douglas and Tedrow, 1959). 
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3.2. 1. Temperature 

Bioactivity in Cryosols must occur under a range of temperature and moisture 
conditions. Relatively small differences in soil depth result in very different tem- 
perature-moisture environments. During the warm season, all depths of the active 
layer begin warming in April, with temperatures rising to a maximum that occurs 
in July for the surface and in September for the bottom of the active layer. Cooling 
begins after the maximum is reached, and cooling takes place as the active layer 
loses heat from both the surface to the air and from the bottom to the permafrost 
table. The soil surface cools to below 0®C in September, but the subsurface active 
layer remains at 0®C or unfrozen for a period of weeks to months, depending on 
losses of surface heat. Losses of surface heat depend on air temperature and the 
insulative properties and thickness of the surface organic layers and the snow 
cover. 

During the first part of the cold season, most of the subsurface active layer be- 
comes isothermic at or near 0®C for a period of weeks, beginning in September, 
before cooling differentially with depth. Soils near the surface 20 cm experience 
warm-season temperature maximums from about ambient air temperature to 5®C. 
Soil layers from 20 cm deep to permafrost (subsurface active layer) experience 
temperature maximums that range from about 0 to 5®C, and in upper permafrost 
maximums are from -5 to 0®C (Romanovsky and Osterkamp, 1997). 

Bioactivity of Arctic Alaskan Cryosols has been studied particularly for the 
range of temperatures for surface soils during the warm season. Nadlehoffer et al. 
(1991), working with surface organic and subsurface mineral soils, observed an 
approximate doubling of soil respiration as soil temperatures increase from 9 to 
15®C. Dai et al. (2000) found a similar doubling of respiration over a 4 to 25"'C 
range of temperature (Figure 4.1.3, middle). Although respiration rates are lower 
at subzero temperatures, respiration rate increases are greater, with over 100-fold 
increases possible as temperatures rise from -5°C to 0°C (Figure 4.1.3., right). 



3.2.2. Labile SOM fractions 

Activity studies of base-insoluble and soluble fractions found the hydrophilic (HI) 
fraction most active. Respiration among active-layer and permafrost soils at 4 and 
25®C correlates positively to their content of the HI fraction (Figure 4.1.4a). This 
fraction includes low molecular weight acids and neutrals such as polysaccharides 
and simple sugars that are highly available substrates for microbes. 

Soil stocks of this bioactive HI fraction are distributed throughout the active 
layer and upper permafrost of Cryosols. In the active layer, the surface 20 cm of 
the soil profile can contain from 20% to 40% of the total HI stocks to 1 meter 
(Figure 4.1.1). The subsurface active layer of the mineral soils (from 20 cm down 
to permafrost) can contain 21% to 38% of stocks to 1 meter and 75% for organic 
soils, such as the Fibristel example of Figure 4.1.1. Permafrost stocks can range 
from 35% to 53% of the total HI but only 2% for the Fibristel. 
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Figure 4.1.3. Respiration response for Arctic soils to temperature for the (a) low range (left 
data from Michaelson et al., 1998a) and (b) high range (middle data from Dai et al., 2000) 
and with (c) DOC enhancement (right data from C.L. Ping, unpublished data). 



Unpublished data of C.L. Ping shows that active fractions are distributed 
throughout soil profiles, with differing patterns for various Cryosols. Distribution 
and partitioning of SOM in the profile appear to vary and are linked to soil proc- 
esses. Substantial portions of HI stocks occur associated with organic accumula- 
tions, such as in the surface layers of the Sapric Glacistel or subsurface active 
layer of the Fibristel (Figure 4.1.1). But, as cryoturbation distributes SOM, large 
portions of the HI stocks occur in the subsurface active layer and permafrost for 
many Cryosols, such as the Aquiturbels (Figure 4.1.1). 




TOC%HIFfaction 

a 



Soil Water DOC mgQC V' 

b 



Figure 4.1.4. Respiration of Arctic soils (A) as related to the active hydrophilic 



(HI) fraction of total organic carbon (TOC) (data from Dai et al, 2000) and (B) as 



related to water-soluble OC (data from Michaelson and Ping, unpublished). 
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Figure 4.1.5. Respiratory activity (at 4°C) of soil OC from the top 1 meter of the surface (0 
to 20 cm), subsurface active layer (20 cm to permafrost), and upper permafrost of Arctic 
Alaskan soils (data from Michaelson et al., 1998b; Michaelson and Ping, unpublished data). 



3.2.3. Respiration 

Soil respiration occurs at various depths that are under different temperature- 
moisture regimes and varies with the SOM amounts and qualities present. Soil in- 
cubation studies of both acidic and nonacidic Aquiturbels (Michaelson and Ping, 
unpublished data) indicate that the SOM present in the upper permafrost respires 
at a rate that is about twice as high as that of SOM in the active layer just above it 
but at only about half the rate of the SOM of the surface-layer soils (Figure 4.1.5). 

Respiration rates for dissolved organic C (DOC) (Figure 4.1.5b) are about two 
orders of magnitude higher than for the SOM as a whole. Aquiturbels of acidic 
and nonacidic tundra also exhibit different patterns of relative respiration with 
depth in the profile. Differences in respiration rates among soils and soil layers are 
small, with the exception of DOC from the nonacidic active layer. Nonacidic ac- 
tive-layer DOC respires at a rate at least three times higher than that of any other 
soil or soil layer. If we compare respiration of soils in the subsurface active layer 
and in the permafrost, the amount of dissolved organic carbon present in soil water 
correlates to respiration rate (Figure 4.1.4b), and respiration of the water-soluble C 
correlates to its HI fraction content (r = 0.97). 



3.2. 3.1. Cold season changes 

Significant amounts of C-flux from Arctic soils occur during the cold season (Zi- 
mov et al, 1993). Oechel et al. (1997) estimated that C fluxes could be up to an 
additional 60% of those that occur during the warm season. Although low soil 
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temperature and low availability of moisture reduce respiration, microbes are 
known to function well below 0°C, and unfrozen water contents of Arctic soils 
remain sufficient to support activity. 

Flanagan and Veum (1974) report microbial activity in tundra detrital materials 
at -TC. Nadlehoffer et al. (1991) report a very reduced respiratory sensitivity to 
temperature change between 2 and lO^C. At these lower temperatures, respiration 
rates are orders of magnitude lower, but response to temperature and respiration 
continues. Work with three subsurface active-layer soils from the Alaskan Arctic 
indicates that respiration reduces about 4-fold as temperature reduces from 5 to 
O^C and then 10-fold as temperatures reduce from 0 to -5^C (Figure 4.1.3). 

Reduced response of respiration at low temperatures has been attributed to en- 
zyme-substrate limitations, which would affect the release of the higher energy, 
simple carbohydrates from cellulose and cellulose-like SOM fractions. Given that 
low temperatures impose energy and enzyme limitations upon the breakdown of 
the more complex substrates, it follows that use of readily available high-energy 
carbohydrates in soils will become more important at lower temperatures. 

3.2.3.2. DOC activity 

Carbohydrates become available as soil dissolved organic carbon (DOC) when 
soils are exposed to freeze-thaw cycles, and respiratory bursts follow this carbo- 
hydrate release (Schimel and Clien, 1996; Skogland et al., 1988). This freezing- 
release phenomenon provides highly available substrates that could drive respira- 
tion in the low ranges during the cold season when other conditions are not limit- 
ing. 

Soluble substrates from soil DOC could be quite significant in light of the long 
cold season, high subsurface C-stocks, and low temperature bioactivity that occur 
in Cryosols. The DOC activity differences that Figure 4.1.5 shows indicate that 
the type of soil and tundra cover also may play an important role in the soil’s po- 
tential for respiration at low temperatures, through quality differences for soil 
DOC. Biological activity requires unfrozen water with available substrates and, 
during the cold season, these conditions are limited to the unfrozen water films 
that occur around soil particles (Romano vsky and Osterkamp, 1997). 

Impacts of soil DOC substrates in unfrozen water films are difficult to study, 
but respiration qualities of DOC suggest they are highly available and active rela- 
tive to whole SOM. For example, soil DOC from surface soil averages 100 times 
higher respiration than SOM carbon as a whole, and DOC from subsurface and 
permafrost soil is 40-50 times more active in respiration than corresponding whole 
SOM (Michaelson and Ping, unpublished data; Michaelson et al., 1998b). 

As mentioned above, respiration at 4^C in the subsurface active layer and per- 
mafrost soil correlates highly with the amounts of soil DOC present, and the respi- 
ration of DOC correlates with its hydrophilic substrate content. Respiration rates 
at low temperatures are higher with higher DOC levels. Soil respiration at 0 and - 
5®C averages higher in samples where DOC was enhanced by 18%. As tempera- 
tures increased from -5°C to O^^C, soils with 18% enhanced DOC respired at rates 
90% and 60% higher than the same control soils receiving only water with no 
DOC (Figure 4.1.3, right side). 
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Michaelson and Ping (2003) investigated low-temperature (-2®C) respiration 
rates using 88 samples from Cryosols in Arctic Alaska. They found a good corre- 
lation between water-soluble organic carbon stocks and respiration rates. There 
was no correlation between water-soluble organic carbon stocks and total soil car- 
bon stocks. This indicates that a complex set of factors, which may include vege- 
tative composition, mineralogy, and environmental conditions of soil, may control 
cold-season respiration substrate levels. 



4. Conclusion 

Cryosols of the Alaskan Arctic contain large amounts of SOM to 1 meter deep. 
The amounts of SOM or C-stores vary with the geomorphic region, character of 
the tundra cover, soils, and depth to which stocks are considered. On the average, 
soils of the northern coastal plain contain larger amounts of carbon (62 kgOCW) 
than those of the southern Arctic foothills (44 kgOC/m^). The ranges of C-stores 
of the tundra cover classes overlap but, in general, stocks are in the order of acidic 
wet > acidic moist shrub/moss > nonacidic w/polygons > nonacidic w/nonsorted 
circles > acidic moist w/Eriophorum tussocks. Midrange C-store values for the 
classes are 77, 73, 57, 44, and 35 kgOC m‘^, respectively. 

The C-stocks vary greatly with depth, largely as a result of cryogenic processes. 
On average, Cryosol C-stocks to 1 meter are evenly divided between the active 
layer and permafrost and, in the active layer, between the surface organic layer 
and the mineral horizons. Large portions of C-stocks commonly occur in the Cf 
horizon of the uppermost permafrost layer, the Oa horizons of the surface, and the 
combination B/O horizons of the active layer. The stocks in the B/O and Cf often 
result from cryogenic processes, such as cryoturbation of patterned-ground soils 
and slope movement in foothill areas. 

Cryogenic processes in the environment, cryoturbation, SOM distribution, and, 
in turn, SOM preservation influence the character of SOM in Cryosols. Organic 
fractions containing cell-wall and related constituents, such as hemicellulose and 
soluble fibers, dominate the SOM of Cryosols. In a pattern consistent with a proc- 
ess of cold-temperature preservation, these decomposable fractions occur in larg- 
est proportions in the SOM of the permafrost, along with high concentrations of 
soluble OC and cellulose, which could decompose easily under warmer condi- 
tions. 

Bioactivity of Cryosol SOM varies, as in any soil, with temperature and mois- 
ture conditions. However, soils experience a significantly different range of sea- 
sonal temperatures with relatively small changes in the depth of the soil profile. 
Surface soil temperatures may rise to near 25®C, subsurface active layer tempera- 
tures up to about 5^’C, and permafrost up to O^'C. Soil respiratory response to tem- 
perature is quite different within this range of -5®C to 25®C. Laboratory incuba- 
tions indicate that respiratory response is on the order of 10-fold with temperature 
increases from -5®C to 0°C, 4-fold with increases from OT to 5^'C, and 2-fold with 
continued increases up to 25^C. This is consistent with a shift in substrate use 
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from the general SOM above O^C to water-soluble DOC substrates as the soil ma- 
trix water freezes. 

In the temperature range above zero, proportions of active hydrophilic compo- 
nents correlate with soil and DOC respiration. DOC-enhanced soil can respire at a 
higher rate in the subzero temperature range and DOC may be the primary source 
of substrates in the subzero temperature range which much of the soil profile ex- 
periences for most of the year. Assuming that unfrozen water is necessary for res- 
piration and bioactivity, dissolved substrates of high quality become more impor- 
tant in the cold season. 

Cryogenic processes serve to both distribute and preserve SOM and result in 
the concentration of bioactive SOM in the upper permafrost, and respiration rates 
of the permafrost thus can be double those of the subsurface active layer. Surface 
SOM, with its fresh inputs seasonally, has respiration rates double those of the 
permafrost. With the temperature differential down the soil profile, substrates in 
the different depths will be most active at different times during the year. 

Accessing SOM and bioactivity in Cryosols is complicated, and much remains 
unknown. But the potential is high for very significant impacts resulting from rela- 
tively small temperature changes. As an example, one might consider the impact 
of a 1 0-fold respiration increase in the permafrost or lower active layer during the 
cold season. This increase could occur as temperatures change from -5®C to 0°C 
during an extended winter warm period, keeping in mind that, under current con- 
ditions, respiration during this period could account for up to 60% of the yearly 
net flux of CO 2 -C. 
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1. Introduction 

Basic pools of organic matter in terrestrial ecosystems are phytomass, mortmass, 
zoomass, microbiomass, and soil organic matter (SOM). The phytomass includes 
the living organic matter of plants in the surface and ground spheres, whereas the 
mortmass is organic matter of dead standing and fallen trees and of the brushwood 
of lignified parts of plants, dead grass, litter, dead parts of mosses, and dead un- 
derground plant organs (Bazilevich, 1993). The phytomass or mortmass contains 
2 to 4 times more organic matter than the zoomass and microbiomass, which are 
composed of the biomass of animals and microorganisms, respectively (Kovda, 
1985). SOM is composed of humus and peat (Orlov et al., 1996). The SOM reser- 
voir is the largest in Arctic and boreal ecosystems. 

The biological cycle may be defined as “a set of biogenic fluxes of matter and 
energy which connect the pools of organic matter in ecosystems to each other and 
with the atmo-, hydro- and lithospheres.” Conveniently, the terminology for the 
carbon cycle also can characterize biological cycling. Carbon is the major struc- 
ture-forming element of living matter, and its interpool fluxes are almost 
stoichiometric to the fluxes of organic matter. The cycles of other biogenic ele- 
ments could differ substantially from those of the carbon cycle. 

The flux going from the atmosphere to the phytomass is called the gross pri- 
mary production (GPP); the reverse flux to the atmosphere is due to autotrophic 
respiration (Ra). The sum of these fluxes, which are oppositely directed and, con- 
sequently, have different signs, gives the net primary production (NPP). 
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The flux from the phytomass to the mortmass reflects the processes of necrosis 
of whole plants (falling off) or their parts (e.g., leaf fall). Peat formation and hu- 
mification generate fluxes directed from the mortmass to the SOM. Heterotrophic 
respiration (Rh) characterizes the destruction of organic matter in the mortmass 
and soils (in its relevance to humus, this process is called mineralization). Soil 
microorganisms (fungi and bacteria) play the leading role in the heterotrophic res- 
piration; the role of the soil zoobiota also can be substantial. 

Many types of terrestrial ecosystems also include fluxes associated with vital 
activities of herbivorous animals, which result in the direct emission of the greater 
part of carbon to the atmosphere and make up a component of Rh, while the 
smaller part of carbon passes through the stage of excreta and either is released to 
the atmosphere or joins the SOM pool. The sum of GPP, Ra, and Rh is called net 
ecosystem ’s production (NEP) or, in its application to carbon, it is regarded as its 
net flux (NF). This magnitude characterizes changes in the total amount of carbon 
in all the pools of an ecosystem. 

This chapter characterizes a number of components of the biological cycle as 
relevant to soils of the polar zone. Strictly speaking, the soil proper includes com- 
ponents of this cycle in the underground sphere and the boundary layer separating 
the under- and above-ground spheres of an ecosystem. However, since soil’s 
transformations of the mortmass closely depend on the mortmass’ amount and 
structure, we must characterize pools and components of the cycle, such as phy- 
tomass and net primary production. In addition, biological productivity long has 
been used to estimate soil fertility and therefore is one of the objects of soil sci- 
ence (Kovda, 1985). 



2. Biological Productivity 

The peak of studies into biological productivity, from the late 1960s till the early 
1980s, related to the implementation of the International Biological Program 
(IBP). N.I. Bazilevich generalized results relevant to Northern Eurasia (Ba- 
zilevich, Rodin, 1971; Bazilevich et al., 1986; Bazilevich, 1993). 

This chapter is based on the data numerous investigators reported, characteriz- 
ing the biological productivity of tundras in the Russian Arctic (Aleksandrova, 
1958, 1971; Andreev, Galaktionova, 1978; Andreyashkina, 1972, 1974; Andre- 
yashkina, Gorchakovsky, 1972; Bazilevich et al., 1986; Bogatyrev, 1973; 
Chepurko, 1971; Chertovsky et al., 1978; Dyakonov, Reteyum, 1971; Gasheva, 
1974; Gorchakovsky, Andreyashkina, 1975; Ignatenko et al., 1972, 1973; Ig- 
natenko, Khakimzyanova, 1971; Ignatenko, Pugachev, 1980; Khantimer, 1970; 
Khlynovskaya et al., 1988; Khodachek, 1969; Manakov, 1970, 1972, 1974; Ma- 
nakov, Nikonov, 1979; Pavlova, 1969; Pospelova, Orlov, 1984; Pospelova, 
Zharkova, 1972; Pugachev, 1984; Rakhmanina, 1971; Shamurin, 1970; Shamurin 
et al., 1972; Smorodnikova, 1983; Stenina et al., 1979; Trotsenko, 1974; Vik- 
hreva- Vasil’ kova et al., 1964; Vil’chek, 1984, 1986, 1987; Zyryanov, Kolpash- 
chikov, 1981). 
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In addition, we used the results of our studies in southern tundras of the Euro- 
pean part of Russia (vicinity of Vorkuta city and Khal’mer-Yu township) and 
various types of tundras in West Taimir (Aya-Turku Lake, Tareya and Kresty sta- 
tions) and on the Chukotka Peninsula (Chaplino township, loni Lake). 

To obtain averaged estimates of phytomass and net primary production, we di- 
vided the territory of the Russian extreme north into a series of zonal-regional 
blocks (Tables 4.2.1, 4.2.2, 4.2.3, 4.2.6). When differentiating these blocks, we 
tried primarily to reflect zonal-latitudinal variability and, when the body of initial 
data allowed it, also the regional variability. All absolute magnitudes are in units 
of mass of dry organic matter. 



2.1 . Above-ground phytomass in Russian polar zone 

The values of above-ground phytomass (Table 4.2.1) demonstrate a rather clear- 
cut zonal variability. For plain ecosystems, the above-ground phytomass is mini- 
mal in polar deserts (1.29 t/ha), increases in subarctic typical (6.51 to 7.79 t/ha) 
and southern (8.41 to 8.76 t/ha) tundras, and reaches its maximum in forest tun- 
dras (25.82 to 31.11 t/ha). This trend no longer occurs in subarctic southern tun- 
dras of the Pacific-adjacent region, where the above-ground phytomass is even 
smaller than that in subarctic typical tundras of eastern Europe and Taimir. Alpine 
polar deserts have the lowest values of above-ground phytomass (0.49 t/ha), while 
alpine tundras are close in values to subarctic tundras. 

For subarctic tundras and forest tundras, one observes a west-east trend toward 
decrease in the pools of above-ground phytomass. For example, among subarctic 
southern tundras, the phytomass is maximum in eastern European tundras (8.76 
t/ha), somewhat smaller in Taimir tundras (8.41 t/ha), and minimum in the tundras 
of the Pacific-adjacent region (5.03 t/ha). 

Zonal-latitudinal changes in the fractional composition of the above-ground 
phytomass are also obvious. In polar deserts, lichens make a greater part of above- 
ground phytomass, whereas mosses dominate Arctic and subarctic typical tundras 
(47 to 56% [w/w]). In subarctic southern tundras, lignified parts of shrub and 
dwarf shrub contribute most to the above-ground phytomass (40 to 51%); none- 
theless, the percentage of mosses remains appreciable (27 to 42%). In forest tun- 
dras, the predominance of lignified parts is enhanced (50 to 81%). 

In alpine polar deserts, the above-ground phytomass consists exclusively of li- 
chens. Alpine tundras also show a noticeable participation of lichens. The maxi- 
mum percentage of herbaceous plants (71%) occurs in meadow ecosystems of su- 
barctic tundras, exceeding by far the percentage of grasses in other ecosystems. 

The regional-longitudinal variability of the fractional composition of the 
above-ground phytomass is not as a rule synchronous in different types of tundra 
ecosystems. Thus, west to east, mosses increase their representation in subarctic 
typical tundras and forest tundras and decrease it in subarctic southern tundras. 
The only regional-longitudinal trend common for all subzones is the west-to-east 
increase in the ratio of the phytomass of shrub (for forest tundras of shrub and 
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trees) to that of dwarf shrub. In typical and southeastern European tundras, the 
shrub layer has a larger phytomass than that of dwarf shrub; the ratio of phy- 
tomasses of shrub and dwarf shrub is 1 .2 and 4.0, respectively. In Asian tundras, 
the situation is the reverse; the ratio is 0.73 in typical Taimir tundras, 0.92 in 
southern tundras of western Siberia and Taimir, and 0.63, its minimum, in south- 
ern tundras of the Pacific-adjacent region. 

Of particular interest is the variability of the absolute mass value of the 
assimilating organs of vascular plants, i.e., of the overall mass of herbaceous 
plants, leaves of trees, and shrub and dwarf shrub. These fractions of phytomass 
basically determine the production capacity of ecosystems. Minimum mass values 
of assimilating organs occur in polar deserts (0.06 t/ha), whereas, in Arctic 
tundras, this parameter is almost one order of magnitude higher and reaches 0.55 
t/ha. In the zone of subarctic tundras, the mass of assimilating organs of vascular 
plants is 1 t/ha, on the average, and varies only from 0.80 to 1.18 t/ha within the 
borders of subzones and regions. In forest tundras, this phytomass fraction reaches 
2.48 to 2.52 t/ha. Meadows of subarctic tundra have a similar phytomass value 
(2.43 t/ha). The magnitude of this parameter for the alpine tundras of eastern 
Europe is intermediate between those for the subarctic and forest tundras, and the 
magnitude for alpine tundras of the Pacific-adjacent region is similar to that for 
subarctic tundras. 



2.2. Net above-ground production in Russian poiar zone 

Like the magnitudes of above-ground phytomass, those of net above-ground pro- 
duction (Table 4.2.2) display a pronounced zonal variability. In plains of polar de- 
serts, the above-ground production is minimum (0.16 t/ha). It increases to 4.5 
times that amount in Arctic tundras, while the above-ground phytomasses of these 
zones differ slightly more than 200% (Table 4.2.1). The above-ground production 
of subarctic typical tundras of eastern Europe and Siberia amounts to 1.7 to 1.8 
t/ha and is higher than that of subarctic southern tundras of these regions (1.4 to 
1.5 t/ha). The above-ground production of southern tundras of the Pacific-adjacent 
region is closer to the production of Arctic tundras than to that of subarctic tun- 
dras of other regions. The primary production is maximum in forest tundras (2.3 
to 3.2 t/ha), where it is 1.5 to 2 times higher than in subarctic tundras. 
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Alpine polar deserts have minimal above-ground productivity, not exceeding 
0.03 t/ha. Alpine tundras occupy an intermediate position between Arctic and su- 
barctic tundras. In their production potential, the meadows of subarctic tundras 
come close to that of forest tundras. 

Vascular plants dominate the fractional composition of above-ground produc- 
tion. Only in polar deserts (both plain and alpine ones) and subarctic typical tun- 
dras of Europe does the lichen or moss-lichen cover account for more than 50% of 
above-ground production. In Arctic tundras, herbaceous plants make the major 
contribution to above-ground production (51%). Shrub plants play a more notice- 
able role in the production in eastern European subarctic typical and southern tun- 
dras (35 to 37%), whereas dwarf shrub and herbaceous plants are most important 
contributors in tundras in Asia (38 to 61%). In forest tundras, the arboreal-shrub 
layer accounts for 40 to 58% of production. 

The most homogeneous above-ground production occurs in alpine polar deserts 
(lichens account for 100% of production) and meadows of subarctic tundra (her- 
baceous plants make up 91% of production). Shrubs play a more appreciable role 
in alpine tundras of Eastern Europe than in the Pacific-adjacent region (43 and 
16%, respectively). 

Plants with lignified parts make the greatest contribution to above-ground pro- 
duction with their foliage. Thus, on the average, in all types of tundra, the ratio of 
mass from foliage-produeing components to that from lignified parts of plants is 
2.6 for shrub and 3.9 for dwarf shrub. The opposite is true of the phytomass (the 
mass ratio of foliage to lignified parts is 0.17 and 0.54, respectively). 

The net primary above-ground production of ecosystems whieh are in the 
close-to-climax state is approximately equal to the annual above-ground litter. For 
this reason, the values in Table 4.2.2 are highly characteristic of the amount and 
structure of organic matter supplied annually to the litter. We consider the rates 
and character of further transformations of individual litter fractions in detail be- 
low. 



2.3. Total phytomass and net primary production in the 
Russian polar zone 

Underground components substantially influence the structure of phytomass and 
net primary production of ecosystems in the polar zone (Table 4.2.3). Unfortu- 
nately, the data on the underground parameters are scarcer than the data on above- 
ground parameters, due to the laborious nature of studies of the former. When cal- 
eulating the values of above-ground phytomass and production for Table 4.2.3, 
we used only those sampling sites for which estimates of underground compo- 
nents were available. Therefore, the values of above-ground components for a 
number of zones and regions differ from those in Tables 4.2.1 and 4.2.2. 
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The total phytomass of polar deserts makes up not more than 1.6 t/ha, while in 



Arctic tundras it is 5 times as large and amounts to 8.1 t/ha. The total phytomass 
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increases to 18 to 20 t/ha in subarctic typical tundras and 19 to 27 t/ha in subarctic 
southern tundras. The maximum level of phytomass occurs in forest tundras (48 to 
49 t/ha). Little regional-longitudinal variability of underground phytomass ap- 
pears, while the revealed interregional differences are within the limits of standard 
errors. The alpine tundras are closer to Arctic tundras in total phytomass, although 
their above-ground component more resembles that of subarctic tundras. 

The contribution of the underground component to the total production in polar 
deserts is 18%, and in Arctic and subarctic tundras is 60 to 66%, except in subarc- 
tic tundras of the Pacific-adjacent region, where it amounts to 75%. In forest tun- 
dras, the share of underground phytomass decreases to 37 to 46%. The maximum 
percentage of underground phytomass occurs in meadows of subarctic tundra 
(80%). In alpine tundras, the underground component of phytomass is relatively 
small, 24 to 37%. 

In some cases, the geographic variability of total net primary production is 
paradoxical. While the production of polar deserts is substantially lower than that 
of other plain zones, the production of Arctic tundras (2.3 t t/ha /year) proves 
close to that of subarctic southern tundras (2.3 to 2.6 t/ha/year). The production of 
subarctic typical tundras of Taimir is inferior only to that of forest tundras of West 
Siberia and Taimir (5.5 t/ha/year) and meadows of subarctic tundra 
(5.6 t/ha/year) and exceeds the production of eastern European forest tundra (3.27 
t/ha /year). The production of alpine tundras (1.5 to 1.6 t/ha /year) is smaller than 
that of Arctic tundras. 

All subzones and regions of the polar zones (except for alpine polar deserts) 
may be divided into two large groups in relation to the ratio of underground to to- 
tal production. The first group, in which this ratio ranges from 25 to 37%, in- 
cludes polar deserts, subarctic southern tundras (except those of Pacific-adjacent 
region), alpine tundras, and forest tundras. The second group (56 to 66%) includes 
Arctic tundras, subarctic tundras of Taimir, meadows of subarctic tundra, and 
southern subarctic tundras of the Pacific-adjacent region. 

Unfortunately, the number of sampling sites for calculating averaged estimates 
of underground production is minimal compared to those for monitoring other 
components of biological productivity. Determining underground production is 
also most problematic, methodologically. Thus, estimates of total production are 
appreciably less reliable than estimates for phytomass and above-ground produc- 
tion. 



2.4. Geographical regularities 

The basic trends in geographic variability of phytomass and production of ecosys- 
tems of the Russian polar zone are: 

1. the sharply manifest increment of the above-ground phytomass and a more 
gradual increase in the total phytomass upon transition from polar deserts to 
forest tundras 

2. maximum underground percentage of phytomass in subarctic tundras 
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3. clear-cut geographic changes in primary production only at the level of zones, 
and no such changes at the level of subzones 

4. maximum underground component of production in Arctic and subarctic typi- 
cal tundras 

5. longitudinal maxima of total primary production in middle Siberia 

6. lower percentage of underground components of phytomass and production in 
alpine ecosystems. 

These trends in the variability of indicators of biological productivity of tun- 
dras in the Russian polar zone may relate to geographic variability of climatic 
conditions. We selected mean July and January temperatures, duration of the pe- 
riod of temperatures above 0°C (the warm period), and the mean wind speed in 
January as the basic climatic parameters. We derived estimates of these parame- 
ters on the basis of a body of climatic data, described in detail in our report on 
carbon cycle modeling in tundras of Russia (Zamolodchikov et al., 2001). 

Minimum levels of phytomass and production in polar deserts are due to the 
short warm period of the year, which does not exceed 70 days, and to low tem- 
peratures (2°C in July, on the average). In Arctic tundras, the duration of the 
warm period increases to 100 days, while the mean July temperature goes up to 
6.5°C. These conditions allow the Arctic tundras to have a higher level of primary 
production than polar deserts. However, low winter temperatures (from -26 to - 
31°C in January) and high speeds of winter winds (about 7 m/s) prevent formation 
of considerable pools of the above-ground phytomass. 

In subarctic tundras, the warm period extends to 1 10 days, while the mean July 
temperature ranges from 8.3 to 11.9°C. Winter temperatures are higher in Euro- 
pean subarctic tundras (-18°C in January) than in Siberian ones (from -28 to 
-30°C), which larger values of above-ground phytomass reflect. However, the 
summer temperatures are higher in Siberian tundras and reach their maximum 
level in typical tundras of Taimir (11.9°C in July), which well agrees with high 
values of net primary production in this region. 

The same trend also occurs at the level of forest tundras. The January tempera- 
ture is higher in European (-16°C) than in Siberian (-29.6°C) tundras; the situation 
with the July temperatures is opposite (11.8 and 12.3°C). As a result, the above- 
ground phytomass and the total phytomass are larger in European forest tundras, 
while the production is higher in Siberian forest tundras. The temperatures in for- 
est tundras are only slightly milder than those in subarctic tundras of the corre- 
sponding regions, and hence the considerable increase in the above-ground phy- 
tomass in forest tundras may compare with the noticeable decrease in the speed of 
winter winds (5.1 m/s in forest tundras against 5.7 to 6.7 m/s in subarctic tundras). 

On the whole, the climatic conditions in alpine tundras correspond to those in 
plain subarctic tundras. The specificity of production parameters of alpine tundras 
is due to the stony character of soils that prevents formation of appreciable pools 
of underground phytomass and inhibits underground production. The climatic pa- 
rameters of alpine polar deserts are similar to those of Arctic tundras; however. 
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when combined with the rocky character of grounds, this leads to the least values 
of phytomass and production. 

Statistics confirm the above reasoning about the interrelation of production and 
climatic parameters. The total primary production exhibits a statistically signifi- 
cant correlation with the mean July temperature (R = 0.76, p < 0.05, n=\2), while 
the above-ground phytomass negatively couples to the January wind speed (R = 
0.60, p < 0.05, « = 13). Of certain interest is the close correlation between the 
overall production and the phytomass of assimilative organs of vascular plants {R 
= 0.84,;? < 0.05, « = 12). 

The production parameters of ecosystems in the Russian polar zone (Tables 
4.2.1, 4.2.2, 4.2.3) agree well with analogous values for other Arctic regions. The 
phytomass of polar deserts in the Canadian Archipelago (Bliss, 1975; Bliss et al., 
1984) is on the average 1.55±0.96 {n = 6) t/ha with a net production of 0.09±0.06 
t/ha/year. The mean value of phytomass of Arctic tundras in the north of Alaska 
(Shaver, Chapin, 1991; Webber, 1974) is 11.5±4.4 {n = 4) t/ha, while the mean 
net primary production is 2. 3+1.0 t/ha, which is very close to the corresponding 
values for Russian Arctic tundras (Table 4.2.3). The phytomass and net primary 
production of forest tundras in southwestern Greenland (Elkington, Jones, 1974) 
are 54.9 and 2.1 t/ha/year, respectively. 



3. Decomposition 

A fundamental peculiarity of polar ecosystems is the predominance of dead 
SOM, represented by non-decomposed or partially decayed plant residues (mort- 
mass) and substances of soil humus, over the living phytomass and the prevalent 
concentration of mineral nutrition elements in it. According to Bazilevich (1994), 
this property can be considered adaptive, since it ensures a relative stability of the 
biota under extreme climatic conditions of Arctic and subarctic ecosystems, which 
are fragile, vulnerable, and susceptible to various oscillations (Bliss, 1962, 1970). 
The main cause of the predominance of dead over living organic matter is the low 
rate of plant litter decomposition in polar biogeocenoses, due to the low biological 
activity of Arctic and subarctic soils. 



3.1. Cellulose degradation 

A traditional technique for evaluating biological activity of soils determines the 
degradation rate of cellulose exposed on the surface of soil or placed inside it 
(Richard, 1945; Vostrov, Petrova, 1961, Mishustin, Petrova, 1963). The degrad- 
able cellulose-containing material may be filter paper, cellophane film, linen or 
cotton fabric, plates of special standard cellulose (Borregaard A/S Sarpsborg) 
(Berg et al., 1975), never-dried porous cellulose, sulfite cellulose which is closest 
to plant cellulose (Lahde, 1974), etc. An appreciable body of data exists to date on 
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the actual cellulosolythic activity of soils in various tundra and forest tundra areas. 
Some data are expressed as a percentage of the decrease in cellulose mass after a 
year-long exposure under natural conditions. 

In the upper 20 cm of Arctic tundra soils of Spitsbergen, almost 6% of the ini- 
tial cellulose mass decomposed, and the destruction rate in the 0- to 10-cm layer 
was nearly twice as high as that in the 10- to 20-cm layer (Zlotin et al., 1989). In 
North Fennoscandia, the rate of cellulose degradation on the soil surface was from 
2.5 to 3.5% in tundras and tundra marshes of Stordalen (Abisko) (Sweden, Tor- 
netrask Lake area) (Rosswall, 1974; Berg et al., 1975) to 6 to 18% in the forest 
tundra of the Kevo region (Finland) (Berg et al., 1975). In different types of al- 
pine tundra of Hardangervidda (Norway), the actual cellulosolythic activity varied 
within the range of 0.5 to 6% in one year (Berg et al., 1975; Heal et al., 1974). 

A fairly high rate of cellulose decomposition occurred on the surface of an illu- 
vial-humic sandy podzol in the lichen tundra of Khibiny mountains (altitude 560 
m). After a one-year experiment, the decrement of the initial mass was over 17% 
(Parinkina et al., 1994). In the upper layer of surface-gley soils of Bolshezemel- 
skaya tundra, 2 to 6% of cellulose decomposed during the first half of the warm 
season; therefore, about 4 to 12% of cellulose decomposed during the entire sea- 
son (Stenina, 1978). 

In the willow-moss and lichen- willow-moss Arctic tundras of western Taimir 
(M. Pronchishcheva Bay station), the rate of cellulose degradation on the soil sur- 
face was 4 to 7% per year. In the northern subarctic dryad-sedge-moss spotty and 
hummocky tundras (Tareya station), the values of cellulose degradation on the 
surface were the same, whereas inside the profile they could increase up to 1 8% 
on some elements of nanorelief. In the middle subarctic dryad-moss and shrub- 
sedge-moss tundras (Agapa station), values were still lower: 2 to 4.5% on the sur- 
face and 6 to 8% at the 5-cm depth. In the southern subarctic shrub-sedge-moss 
spotty, alder and birch tundras (Kresty Taimirskie station), the cellulosolythic ac- 
tivity was 6 to 7% per year on the surface and about 10% inside the soil profile 
(Vassiljevskaja et al., 1975: Bogatyrev, 1976; Parinkina, 1980, 1989). 

According to our data, in the northeastern part of Kolyma Lowland, on the sur- 
face of a podzolized sandy podbur corresponding to the green moss-dwarf shrub- 
lichen association, 2-3% of cellulose degraded after one year; the annual cellulose 
decrement was 4 to 5% in the layer of peat horizon (2 cm), 2 to 5% in the upper 
mineral horizon (10 to 12 cm), and 0.0 to 0.6% at a depth of 40 cm. In intrazonal 
soils corresponding to different stages of overgrowth with vegetation and trans- 
formation of polygonal bogs, the mean- weighted values of cellulosolythic activity 
for organogenic horizons varied from 1.5 to 5%. 

In the hummocky sedge-moss Arctic meadow tundra in Canada (Devon Is- 
land), the cellulosolythic activity on the soil surface manifested not at all after a 
one-year experiment, whereas the cellulose mass decrement was 8.5% at the 5-cm 
depth and 16% at the 10-cm depth (Bliss, 1975). In the wet polygonal Arctic 
meadow tundra of North Alaska (Barrow), this annual parameter was about 3.5% 
in the litter layer and 1.5% directly in soil (Rosswall, 1974; Bunnel et al., 1975, 
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1977). In alpine tundras of Alaska (Eagle Summit), the decomposition rate on the 
soil surface was about 3.5% (Rosswall, 1974). 

The above data indicate that, in relation to actual cellulosolythic activity, re- 
gional differences for soils belonging to different sectors of the northern polar 
zone are not large. Only some territories of northern Europe stand out against the 
background of low values. These are primarily Finland and the Kola Peninsula 
and, to a lesser extent, Bolshezemelskaya tundra. As one can judge from the 
scarce available data, within the boundaries of each region, no zonal and subzonal 
differences manifest. 



3.2. Litter degradation (iitter bag experiments) 

Although cellulose is one of the predominant components of plant tissues, the 
regularities of the litter decomposition differ substantially from those for pure cel- 
lulose. Here, the pattern of geographic heterogeneity is much more complicated. 
In addition to climatic and landscape conditions, characteristics of “primary sub- 
strate” (i.e., soil, tundra litter, or other medium) in which the destruction process 
takes place, it is also necessary to consider the characteristics of the “secondary 
substrate” (Van Cleve, 1974), i.e., the properties of the decaying litter itself 

On the basis of such criteria as plant taxonomic position, morphological peculi- 
arities, chemical composition, and physical properties. Heal and French (1974) 
proposed grouping various types of litter into 6 large classes: (1) mosses; (2) li- 
chens; (3) woody residues; (4) shoots of shrub and dwarf shrub; (5) coniferous 
needles (“hard leaves”); and (6) leaves of shrub, dwarf shrub, and grasses (“soft 
leaves”). 

Studies of the plant litter decomposition took place mostly in the framework of 
IBP implementation in the late 1960s through early 1970s. Some experiments also 
were performed at later dates. The intensity of destruction processes was esti- 
mated from the decrement of the mass of plant residues exposed on the soil sur- 
face or below the layer of loose litter in special porous caprone bags (litter bags) 
with a pore diameter of 1 mm (Bocock and Gilbert, 1957). These experiments in- 
vestigated the decomposition of both the mixed litter characterizing the commu- 
nity on the whole and various kinds of litter, i.e., leaves, stems, or roots of an in- 
dividual plant or a group of constituent plants of the community. Table 4.2.4. 
presents the data from available literature in a highly generalized and rough form. 
The listed values characterize the limits of variation of the rate of mass loss for a 
given class of litter during the first year of exposure. (Note that in this chapter, a 
“rate of mass loss and decomposition” means the specific rate — the part of loss 
in one year.) 

The highest rate of the natural mixed litter loss was characteristic of alpine tun- 
dras of Hardangervidda (variants of Wet Meadow, Dry Meadow, and Snow Bad) 
(33 to 38% per year), while it dropped for the Lichen Heath tundra variant to 12% 
per year. Such a pattern corresponded to the increase in the C/N ratio to 17 to 22 
at the first three sites and to 48 to 65 at the fourth site (Dowding, 1974; Van 
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Cleve, 1974). In other regions (Barrow and Kolyma Lowland), the decomposition 
of litter occurred at an annual rate of 6 to 12%. 

Against the background of the predominant low rate of loss of moss mass, one 
should note high rates for the Dry Meadow site at the Hardangervidda station, 
Pechora station, and Signy Island in the subantarctic zone, where the upper limit 
of this parameter variation reached 17 to 28%. In the latter case, such a pattern 
appeared only for Drepanocladus uncinetus and only under humid conditions 
(Collins et al., 1975), whereas the major peat- forming moss Chorisodontium aci- 
phyllum degraded at an annual rate of 2% (Baker, 1972; Heal and French, 1974). 
Apparently, this is due to a higher or lower eutrophicity of the above-listed habi- 
tats, compared to other tundras and tundra bogs. 

In general, the low rate of decomposition of moss is due in part to the fact that 
the dead parts of plants in mosses mix with the living plants and have no contact 
with soil. In addition, their litter is depleted in nitrogen and other nutrient ele- 
ments and has high contents of degradation-resistant inhibitory substances. For 
example, the specific substance sphagnol in its tissues inhibits the decomposition 
of sphagnum (Rosswall et al., 1975). 

The rate of decrement of mass in lichens was still lower than in mosses and 
characterized by prevalent annual values of 5 to 8%. Against this background, 
only alpine tundras of the Kola Peninsula stood out, where a mixture of fruticose 
lichens (Cladina rangiferina, C. stellaris, Cetraria islandica) lost annually up to 
20% of their mass. The decelerated decomposition of lichens probably is due to 
the increased content of lignin and cellulose (Grishina, 1986) and to the presence 
of specific inhibitors of decomposition (Kuprevich, Moiseeva, 1957; Berman et 
al, 1979). 

The high lignin content also was responsible for the stable low rate of loss of 
wood mass in trees and shrubs: 4 to 8% in tundras and forest tundras of Europe 
and 12 to 13% in those of North America. 

The decomposition rate of needles of various pine species was in the range of 
1 1 to 18%. The low destruction of the coniferous litter (‘‘hard” leaves), compared 
to that of the leaf litter of anthophytes (“soft” leaves), relates to the higher content 
of resins, waxes, lignin, tannins, and flavonoids (Van Cleve, 1974). 

As to the “soft” leaves, the rate of loss of mass in anthophytes showed strong 
variation. At most geographic sites, the litter of trees and shrubs lost its mass more 
rapidly than the litter of dwarf shrub, including numerous evergreen species, 
whereas the decomposition of the litter of herbaceous plants occurred faster than 
that of trees and shrubs. The decelerated decomposition of the leaves of evergreen 
dwarf shrubs is due both to their anatomic-morphological peculiarities and to the 
high content of polyphenols that play an inhibitory role (Heal et al. 1981). 

As a rule, the slowest decomposition is characteristic of the dryad, which is 
particularly clear in the example of low losses of mass in the case of Dry Meadow 
at Hardangervidda, where the “soft” leaves contained solely the dryad leaves. In 
dry alpine tundras of the Okhotsk Sea-adjacent region, low values of loss of mass 
also characterize heath dwarf shrub, which decompose relatively fast in other re- 
gions. 
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The highest annual rates of the dwarf shrub leaf loss of mass occurred at the 
swamped Sivaya Maska site (19 to 45%) and in biogeocenoses of Taimir (29 to 
36%). The decomposition rate of the summergreen dwarf semishrub Rubus 
chamaemorus was maximum on the forest tundra Gusinoe bog (Pechora station) 
(57%) and minimum in mountain Lichen Heath of Hardangervidda (10%). 

Of all European and western Siberian circumpolar territories, the eutrophic bog 
systems at the Pechora and Sivaya Maska sites had the largest losses of mass of 
shrub leaf litter. A rather low loss occurred only for the Kevo area, in the example 
of decomposition of birch (Betula tortuosa) leaves (Rosswall et al., 1975), while 
the absolute maximum for this litter group was in Taimir, in the vicinity of Tareya 
station. In southern tundras of the Taimir Peninsula (Kresty Taimirskie station), 
losses of litter mass differed between the shrub-covered and spotty tundra varie- 
ties. In the Okhotsk Sea-adjacent area, the rate of loss of the mass of shrub leaves 
was approximately at the same level as in Europe. 

Among different types of herbaceous litter, the leaves of legumes loose their 
mass faster than the sedge species, while the latter in turn loose their leaf mass 
faster than cereals, which is believed due to the growth of the C/N ratio in this se- 
quence (Heal and French, 1974; Bunnel et al., 1975, 1977; Parinkina, 1989). On 
the whole, the dicotyledonous plants usually have higher decomposition rates than 
those of monocotyledonous plants. 

The maximum specific rates of the loss of herbaceous litter mass are confined 
to alpine tundras of Khibiny mountains and to the Pechora site; at the latter, the 
high upper limit is due to rapid decomposition of Menyanthes trifoliata. In Fenno- 
scandia, such losses have lower values. High decomposition rates again occurred 
in Taimir (20 to 50%). In the Okhotsk Sea-adjacent area (Aborigen station), the 
rate of sedge decomposition decreased to 31%. 

The rate of destruction of herbaceous litter in the reed grass communities on 
the Kolyma Lowland was approximately a third that of the sedge-cereal vegeta- 
tion at the Harp station and half that of the cereal vegetation in South Taimir. The 
maximum rates in the case of Taimir meadows were determined by fast degrada- 
tion of the nitrogen-rich Astragalus litter (54%). 




Table 4.2.4. Specifk decompositioii rates of various litter types in ecosystems of the polar zone. 
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The specific decomposition rates of herbaceous plants in North American tun- 
dras were somewhat lower than those in Eurasian tundras. In particular, unfavor- 
able edaphic conditions — low pH, anaerobiosis, and deficit of accessible nitrogen 
and phosphorus — influence Barrow (Bunnel et al., 1975). The low decomposition 
rate in the Eagle Summit area seems due not only to harsh climatic conditions in 
high mountains but also to the high C/N ratio (~60) (Van Cleve, 1974). In tundras 
and forest tundras of North America, the decomposition rate of herbaceous vege- 
tation increases from north to south, but the alternation of plain and alpine tundras 
complicates this. Acomastylis rossii in alpine tundras of Colorado had the maxi- 
mum decomposition rates. 

Subzonal distinctions do not occur within the tundra boundaries. However, the 
decomposition rate of plant residues increases upon transition to forest communi- 
ties, but not for all litter types and not always appreciably. Thus, in the Hardan- 
gervidda area, substantial differences appeared where the experimental test litter 
was barley straw, the decomposition rate of which reaches 33 to 40% in a birch 
forest at an altitude of 780 m, compared to 10 to 25% in various types of alpine 
tundra (1250 to 1320 m) (Rosswall et al., 1975). A substantial difference between 
tundra and forest in the Hardangervidda area also showed in the decomposition of 
Rubus chamaemorus leaves (Heal and French, 1974) and in the Khibiny moun- 
tains in the decomposition of fruticose lichens (Parinkina et al., 1994). The de- 
composition rate of mosses in boreal forests of Central Sweden was also appre- 
ciably higher than in the Stordalen area (Berg, 1984). 

At the Aborigen station in the Okhotsk Sea-adjacent region, the decomposition 
rate of vetch (the experimental test litter) was appreciably higher in the forest ar- 
eas (65 to 89%) than in the tundra-steppe (57%), but it was not much higher than 
in the Siberian dwarf-pine elfin wood (66 to 77%) and was approximately the 
same as in the dryad-sedge and steppificated groups (57 to 64%). In forests, in 
shrub formations, and, in part, at steppe sites, the decomposition of Siberian 
dwarf-pine needles was appreciably more intense. An appreciable advantage of 
warmer ecosystems in decomposing grasses appeared only in aspen woods; at 
steppificated sites, the decomposition rate was even lower than at a tundra-steppe 
site (Grishkan, 1995, 1997). 

When interpreting field data on the decomposition rate of both above- and un- 
derground litters, one should bear in mind that their appreciable part is lost not 
because of microbial destruction but because of abiogenic leaching, which is 
maximum during the first year of exposure (Witkamp, 1966; Rosswall, 1973; 
Rosswall et al., 1975; Widden, 1977; Pereverzev, Alekseeva, 1980; Parinkina, 
1989; Grishkan, 1997). 

During the cold season (September to May, inclusively), up to 50% (Rosswall 
et al., 1975a) or more (Andreyashkina, 1972, 1974) of the total first-year mass 
loss often is leached. This happens because soils over moisten in autumn, plant 
residues physically fragment under the action of freeze-thaw cycles, and snow 
melts in spring, which favors the runoff of organic matter from the litter (Ross- 
wall, 1973; Bogatyrev, 1989). 
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The potentially leachable fraction (readily soluble carbohydrates and amino ac- 
ids) makes up 5 to 30%; it was minimal in wood and maximal in grass leaves 
(Heal and French, 1974). However, comparison of the carbon loss during respira- 
tion with the decrement of exposed litter mass showed that the leaching proper is 
responsible for the loss of 8 to 35%, and in some species even less than 5%, of the 
total first-year losses (Bunnel, Scoullar, 1981). 

At the same time, the soil microflora rather rapidly consumes an appreciable, 
and possibly greater, part of substances in the potentially leachable fraction. When 
a relevant experiment starts at the end of summer, psychrotrophic microorganisms 
can use these substances in autumn, before the onset of strong frosts, or in spring 
when the soil temperature rises. At Barrow, for example, the respiratory activity 
of some soil microorganisms occurred at temperatures of -7.5°C and above 
(Flanagan, Veum, 1974). 



3.3. Mortmass turnover and soil formation 

The proportion of plant residues lost because of the uptake by invertebrate sap- 
rophages, microbial destruction, and abiogenic leaching is almost always maxi- 
mum during the first year after entire plants or their individual organs fall and die. 
In contrast to pure cellulose, the mass of which decreases linearly or, according to 
some investigators (Rosswall, 1974), even in an accelerated mode, the natural lit- 
ter shows decelerated degradation upon exposure under natural conditions. In this 
situation, one can differentiate rapid, decelerated, and slow decomposition stages 
(Naumov and Naumova, 1993). 

Inhibition of the transition to the decelerated stage begins usually during the 
second to third years of experiment (Heal and French, 1974; Andreyashkina, 
1974; Rosswall et al., 1975; Bliss, 1975; Pereverzev, 1987; Parinkina, 1989). In 
addition, model laboratory experiments on the respiration of different ages of lit- 
ters showed that inhibition of the destruction of the Eriophorum angustifolium and 
Carex aquatilis leaves from Barrow occurs in the second year (Flanagan and 
Veum, 1974). Thus, one of the basic characteristics of the litter is its age, i.e., the 
duration of its stay on the soil surface (Heal and French, 1974). 

Leaching, or the uptake of soluble fractions, and the relative accumulation of 
lignin and other substances that are difficult to access, after a certain time cause 
changes in the chemical composition of the material under degradation. Physical 
properties of the litter also change, and this decelerates the destruction rate of the 
same polymers in the old litter. For example, cellulose decomposes in freshly dead 
residues almost twice as fast as in the litter layer (Naplekova, 1974). This pro- 
vides ground for presuming that its decomposition is still slower in peat. 

At the Harp station in the Trans-Urals, in experiments on the litter decomposi- 
tion, peat formation from the exposed material, i.e., the loss of the initial morpho- 
logical structure of leaves and their transformation into a powdery mass, occurred 
in 5 to 6 years after the beginning of experiments (Andreyashkina, 1974). Accord- 
ing to our data, peat formation on the surface of podburs in Kolyma Lowland oc- 
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curred as early as during the second year, while, in six years after the beginning of 
the experiment, the greater part of the initial litter changed into a peat-like mate- 
rial. Soil horizons thus form differently enriched in dead plant residues (peat, 
peaty, duff, etc.). The rapid and decelerated decomposition stages occur in a 
loose, surface-based litter layer, while the slow stage takes place in all these hori- 
zons. 

It is more difficult to estimate the time required for the slow-stage occurrence 
than to determine the rate of fresh litter decomposition (Heal and French, 1974). 
Heal (1972) presumed that most (95%) of the tested kinds of litters are totally de- 
composed after less than 50 years. According to Grishina (1986), the total miner- 
alization of cellulose from plant residues requires 30 to 50 years in the spotty tun- 
dra soils, 20 to 30 years in the tundra gley typical soil, and about 200 years in the 
boggy tundra soil. In alpine tundras and Siberian dwarf-pine elfin wood cenoses 
of the Okhotsk Sea-adjacent region, the total decomposition of an annual lichen 
litter occurs within less than 26 years, while the total decomposition of the needles 
of Siberian dwarf-pine elfin wood requires 12 years (Ignatenko, Pugachev, 1979, 
1981). 

The results of experiments on measurement of respiration determined by de- 
composition of detritus in various soils of Barrow allow one to assess the rates of 
SOM’s degradation under natural conditions (Douglas and Tedrow, 1959). In the 
light Arctic brown soils, close to podburs in their taxonomic position, the rate of 
peaty horizon decomposition was 2.3%, while that of humus and peatified detritus 
in the upper mineral horizon did not exceed 0.31% per year. At the watershed, in 
the upland soil, similar to the tundra gley soils, the rate of organic matter’s de- 
composition in the upper horizon was 2.8%. The annual transformation rate of the 
upper layer of bog peat at the Wet Meadow was lower than in mineral varieties 
(0.89%), while the decomposition rate of the material of organogenic soil in a 
frost peat mound was still lower because of a moisture deficit and did not exceed 
0.42%. 

To assess the intensity of the biological cycle, i.e., the rate of mortmass renewal 
in its relevance to the forests of California, Costa-Rica, and Columbia, Jenny et al. 
(1949) proposed 50 years ago to use a coefficient that characterizes a given land- 
scape facies or a given ecosystem and is a function of five Dokuchaev’s factors of 
soil formation (climate, living organisms, relief, parent material, and time): 

k = L/M + L = f(cl, o, r, p, t) 

where L is the mean perennial litter fall mass and M is the mean perennial mort- 
mass. 

Since that time, this index has been used widely for various natural zones, in- 
cluding polar ecosystems. Heal et al. (1981), by comparing parameters of Jenny’s 
equation for various tundra and bog ecosystems, put forward an idea about their 
diversity with regard to the rate of organic matter’s turnover. Thus, for the tundras 
and tundra marshes of Stordalen and Barrow (wet meadow), the k values range 
from 0.001 to 0.01 (i.e., the rate of mortmass turnover varies from 0.1 to 1% per 
year). In the case of wet tundra of Devon Island (Arctic tundra) and moss {Cho- 
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risodontium aciphyllum) communities of Signy Island (subantarctic tundra), k 
roughly equals 0.01 (1% per year); the k values from 0.01 to 0.1 (the mortmass 
turnover rate from 1 to 1 0% per year) characterize different tundras of Hardan- 
gervidda; for the grassland of Signy Island, k equals 0.1 (10% per year); and, fi- 
nally, for the drepanoclade (Drepanocladus uncinetus) communities of Signy Is- 
land, the k value is higher than 0. 1 (> 10% per year). 

Based on the averaged values of biological productivity (Table 4.2.3) and the 
data on the pools of mortmass from the same sources, one can calculate in analo- 
gous manner the rates of dead organic matter’s turnover for basic zonal-regional 
blocks of the Russian extreme north (Table 4.2.5). To this end, we used the aver- 
aged data on net primary production, assuming that, in the climax ecosystem with 
a zero carbon balance, the production approximately equals the litter fall, while 
decomposition of the equivalent amount of dead organic matter eompensates for 
the influx of fresh organic matter. 

The rates of organic matter’s turnover calculated in this way characterize the 
mortmass renewal on the whole. Therefore, in magnitude, they occupy an inter- 
mediate position between the relatively high rate of fresh litter decomposition and 
the low decomposition rate of old, often peatified, plant residues in the upper ho- 
rizons of the soil profile. 

It follows from Table 4.2.5 that the turnover rates are similar for plains, are 
rather high (12.5 to 13.3) in polar deserts and Arctic tundras, decrease somewhat 
upon transition to subarctic typical tundras (7.1), and are minimal (2.2 to 5.3) in 
southern subarctic tundras. This trend may relate to changes in the composition of 
plants and to the increased percentage of lignified parts in the litter. The meadow 
cenoses of subarctic tundra have much higher values for this parameter than those 
of tundra communities proper that populate terraces and watersheds. For the su- 
barctic southern tundra, the minimum occurs in the Pacific-adjacent region, while 
the maximum occurs in Taimir. Southern tundras of eastern Europe have interme- 
diate values. Upon transition to the forest tundra zone, the turnover rate somewhat 
increases, being higher in Siberian than in eastern European thin forests. 



3.4. Geographical regularities 

The decomposition rate calculated in this manner is much lower in alpine de- 
serts than in plains. This is due to the different composition of phytomass, with 
the predominance of lichens in the former case and of herbaceous plants in the tat- 
ter. For alpine tundras, the decomposition rates vary approximately within the 
same limits as in plains subarctic southern tundras. Compared to the European 
tundras, the tundras of the Pacific-adjacent mountains have higher (2.2-fold) turn- 
over rates, which correlates with the decrease of lignified parts in their litter. 

The empirically derived data on the decomposition rates of fresh plant litter, 
and the calculated rates of the dead organic matter’s turnover on the whole, allow 
several geographic conclusions. First, one should note a specific pattern of geo- 
graphic zonality in the biological cycle. 
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Table 4.2.5. Mean values of litter (net primary production), pools of mortmass, and esti- 
mates of the organic matter turnover in various ecosystems of the polar zone. 



Zones (subzones) and regions 


Litter fall 
mass (NPP) 
L, t/ha/year 


Mortmass 
M, t/ha 


k = 

(L/(L + M)) 
*100% 


Polar deserts 


0.25 


1.64 


13.3 


Arctic tundras 


2.31 


16.11 


12.5 


Subarctic typical tundras of Taimir 


3.74 


49.06 


7.1 


Subarctic southern tundras of eastern Europe 


2.33 


56.41 


4.0 


Subarctic southern tundras western Siberia and Taimir 


2.59 


45.84 


5.3 


Subarctic southern tundras of the Pacific-adjacent re- 


2.30 


100.99 


2.2 


gion 

Meadows of subarctic tundra 


5.56 


35.30 


13.6 


Forest tundras of eastern Europe 


3.27 


52.19* 


5.9 


Forest tundras of western Siberia and Taimir 


5.48 


57.15* 


8.7 


Alpine polar deserts 


0.03 


2.71 


1.1 


Alpine tundras of eastern Europe 


1.64 


60.74 


2.6 


Alpine tundras of the Pacific-adjacent region 


1.50 


24.55 


5.8 



*The values were approximated from data on neighboring regions. 



In this case, the climatic factor acts both directly and indirectly. Directly, it in- 
creases the mortmass turnover in the direction of the summary positive tempera- 
ture growth upon the transition from southern subarctic tundras to forest tundras. 
Indirectly, it determines the composition of vegetation and plant litter by decreas- 
ing the mortmass turnover rate upon the transition from Arctic to subarctic tun- 
dras. 

In contrast to the cellulosolythic activity, which reached maximum values in 
alpine and plain eastern European tundras and decreased noticeably in Siberia, the 
maximum decomposition rates of fresh litter and mortmass turnover on the whole 
occurred in biogeocenoses of Taimir Peninsula. These phenomena appeared in the 
northern (Tareya), middle (Agapa, Ary-Mas), and southern (Kresty Taimirskie) 
subarctic tundra as well as in the forest tundra. 

Such a pattern depends on a favorable combination of climatic, landscape- 
geochemical, and geobotanical peculiarities of Taimir, which is mostly a lowland 
separated from the northern part of the peninsula by the Byrranga mountain sys- 
tem, which prevents the penetration of cold air masses from the north. The soil- 
forming deposits are marine loamy sediments with montmorillonite predominant 
in the clay fraction and minerals of trappic formation, enriched by bases and iron, 
in coarse fractions (Bogatyrev, 1976; Pospelova, Vasilievskaya, 1985; Bazilevich, 
1993a). The high ash content in the litter and the absence of lichens among the 
dominants of plant communities also have a positive effect on the decomposition 
processes. 

Eastern Europe has lower decomposition rates of litter and mortmass. This is 
largely due to the common water-logging of plains territories and to the dry char- 
acter of tundras on elevations and in mountains of Fennoscandia (Heal et al.. 
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1981), as well as to the wide occurrence of lichen and heath communities. The 
role of elements of mineral nutrition in the soil dramatically increases at the re- 
gional level. In particular, this shows in the rate of the mortmass turnover in al- 
pine tundras of Hardangervidda being appreciably higher than at the Stordalen 
site, as well as in the high decomposition rates of various litter types on forest 
tundra eutrophic marshes of eastern Europe compared to those in the oligotrophic 
ecosystems of northern Fennoscandia. 

The inhibited character of the mortmass turnover in subarctic tundras of the Pa- 
cific-adjacent region reflects the dryness of litters and small numbers of soil mi- 
croorganisms and invertebrates. As a result, dry-peat horizons often form in soils, 
despite good drainage (Berman et al., 1979). 

Wet Arctic tundras of North America have rather high decomposition rates of 
dominant herbaceous plants. However, the still higher magnitudes of net primary 
production and litter, as well as decelerated transformation of organic matter in 
thick peat horizons, determine the rather low rate of renewal of mortmass and the 
stagnant character of the biological cycle. 



References 

Aleksandrova, V.D. 1958. Experience in the determination of the above- and underground 
mass of plants in the Arctic tundra. Botan. zhum. 12:1748-1761. (In Russian.) 

Aleksandrova, V.D. 1971. Experience in the determination of the above- and underground 
phytomass in a polar desert of the Franz Josef Land. In: Biological Productivity and 
Cycles of Chemical Elements in Plant Communities (Biologicheskaya produktivnosf i 
krugovorot khimicheskikh elementov v rastitel’nykh soobshchestvakh). Nauka. Lenin- 
grad. pp. 33-37. (In Russian.) 

Andreev, V.N., and T.F. Galaktionova. 1978. Formation of pools of the above-ground phy- 
tomass in communities of subarctic tundra. In: Seasonal and Annual Dynamics of the 
Phytomass in the Subarctic Tundra (Sezonnaya i pogodnaya dinamika fitomassy v su- 
barkticheskoi tundre). Novosibirsk. Nauka. pp. 164-177. (In Russian.) 

Andreyashkina, N.I. 1972. Productivity of communities of hypoarctic shrub and dwarf 
shrub in the forest tundra of Trans-Urals. Abstract of Ph.D. Thesis (Biol.). 24 pp. (In 
Russian.) 

Andreyashkina, N.I. 1974. Decay and accumulation of plant residues in the forest tundra of 
Trans-Urals. In: Biomass and Dynamics of the Plant Cover and Animal Population in 
the Forest Tundra (Biomassa i dinamika pastitel’nogo pokrova i zhivotnogo naseleniya 
V lesotundre). Sverdlovsk, pp. 129-134. (In Russian.) 

Andreyashkina, N.I., and P.L. Gorchakovsky. 1972. Productivity of dwarf shrub and grass 
communities of the forest tundra and methodology of its estimation. Ekologiya. 3:5- 
12. (In Russian.) 

Baker, J.H. 1972. The rate of production and decomposition of Chorisodontium aciphyllum 
(Hook. F. & Wills) broth. Brit. Antarc. Survey Bull. 27:123-129. 

Bazilevich, N.I. 1993. Biological Productivity of Ecosystems in Northern Eurasia 
(Biologicheskaya produktivnosf ekosistem sevemoi Evrazii). Moscow. 295 pp. (In 
Russian.) 




S. 4 Ch. 2 Biological Cycle in Terrestrial Polar Ecosystems ... Soil Formation 



503 



Bazilevich, N.I. 1993a. Geographic regularities of the indices of biological productivity of 
soil-plant communities in northern Eurasia, Pochvovedenie. 10:10-18. (In Russian.) 

Bazilevich, N.I. 1994. Biological productivity of ecosystems in Siberia. Pochvovedenie. 
12:51-56. (In Russian.) 

Bazilevich, N.I., O.S. Grebenshchikov, and A. A. Tishkov. 1986. Geographic Regularities 
of the Structure and Functioning of Ecosystems (Geograficheskie zakonomemosti 
struktury i ftinktsionirovaniya ekosistem). Moscow. Nauka. 297 pp. (In Russian.) 

Bazilevich N.I., and L.E. Rodin. 1971. Productivity and cycling of elements in natural and 
cultural phytocenoses. In: Biological Productivity and Cycling of Elements in Plant 
Communities (Biologicheskaya produktivnosf i krugovorot elementov v rastitel’nykh 
soobshchestvakh). Leningrad. Nauka. pp. 5-32. (In Russian.) 

Berg, B. 1984. Decomposition of moss litter in a mature scots pine forest. Pedobiologi. pp. 
301-308. 

Berg, B., L. Karenlampi, and A.K. Veum. 1975. Comparisons of decomposition rates 
measured by means of cellulose. In: F.E. Wielgolaski, ed. Fennoscandian Tundra Eco- 
systems. Part 1. Plants and Microorganisms. Springer-Ferlag (Ecol. Studies No. 16). 
Berlin-Heidelberg-New York. pp. 261-276. 

Berman, D.I., I.V. Ignatenko, and A.A. Pugachev. 1979. On peat accumulation in inten- 
sively drained soils of extreme north-east of the USSR. In: The Biological Cycle in 
Tundra-Forests of the South of Magadan Region (Biologichesky krugovorot v tun- 
drolesyakh yuga Magadanskoi oblasti). Vladivostok, pp. 134-145. (In Russian.) 

Bliss, L.C. 1962. H. Lieth, ed. Die Stof^roduktion der Pflanzendecke. Fischer-Ferlag. 
Stuttgart, pp. 35-46. 

Bliss, L.C. 1970. Primary production within Arctic tundra ecosystems. In: W.A. Fuller and 
P.G. Kevan, eds. Proc. of the Conf. on Productivity Conservation in Northern Circum- 
polar Lands, Edmonton, 1969. lUCN pub., new series No. 16. Morges, Switzerland, 
pp. 75-85. 

Bliss, L.C. 1975. Devon Island, Canada. In: T. Rosswall and O.W. Heal, eds. Structure and 
Function of Tundra Ecosystems. Ecol. Bull. No. 20. Stockholm, pp. 17-60. 

Bliss, L.C., J. Svoboda, and D.I. Bliss. 1984. Polar deserts, their plant cover and plant pro- 
duction in the Canadian high Arctic. Holarctic Ecol. 7:304-324. 

Bocock, K.L., and O.J.W. Gilbert. 1957. The disappearance of leaf litter under different 
woodland conditions. Plant and Soil. 9:179-185. 

Bogatyrev, L.G. 1973. Biological cycling of ash elements in the dwarf shrub- sedge-moss 
tundra. In: Soil and Vegetation in Permafrost Regions of the USSR (Pochvy i ras- 
titel’nost’ merzlotnykh raionov SSSR). Magadan. DVNTs AN SSSR. pp. 351-356. (In 
Russian.) 

Bogatyrev, L.G. 1976. The biological cycle in tundras of West Taimir. Abstract of Ph.D. 
Thesis (Biol.). 19 pp. (In Russian.) 

Bogatyrev, L.G 1989. On the influence of the ffeeze-thaw on the leaching of elements from 
plant litter. In: Interactions of Organisms in Tundra Ecosystems (Vzaimodeistviya or- 
ganizmov v tundrovykh ekosistemakh). Abstracts of Rpts. Syktyvkar, pp. 156-158. (In 
Russian.) 

Bunnel, F.L., S.F. Maclean, and J. Brown. 1975. Barrow, Alaska, USA. In: T. Rosswall 
and O.W. Heal, eds. Structure and Function of Tundra Ecosystems. Ecol. Bull. No. 20. 
Stockholm, pp. 73-124. 




504 



Zamolodchikov and Fedorov-Davydov 



Bunnel, F.L., and K.A. Scoullar. 1981. Between-site comparisons of carbon flux in tundra 
by using simulation models. In: Tundra Ecosystems: a Comparative Analysis. Cam- 
bridge Univ. Press. V. 25:685-715. 

Bunnel, F.L., D.E.N. Tait, and P.W. Flanagan. 1977. Microbial respiration and substrate 
weight loss. II. A model of the influences of chemical composition. Soil Biol, and Bio- 
chem. 9:41-47. 

Chepurko, N.L. 1971. Biological productivity and cycling of chemical elements in forest 
and tundra communities. In: Biological Productivity and Cycling of Chemical Ele- 
ments in Plant Communities (Biologicheskaya produktivnost’ i krugovorot 
khimicheskikh elementov v rastitel’nykh soobshchestvakh). Nauka. Leningrad, pp. 
213-219. (In Russian.) 

Chertovsky, V.G., F.P. Elizarov, B.A. Selinov, and V.S. Komyak. 1978. Forest growth 
conditions and productivity of pretundra forests. In: Ecology of Taiga Forests (Eko- 
logiya taezhnykh lesov). Arkhangelsk, pp. 32-43. (In Russian.) 

Collins, N.J., J.H. Baker, and P.J. Tilbrock. 1975. Signy Island, maritime Antarctic. In: T. 
Rosswall and O.W. Heal, eds. Structure and Function of Tundra Ecosystems. Ecol. 
Bull. No. 20. Stockholm, pp. 345-374. 

Dyakonov, K.M., and A. Yu. Reteyum. 1971. Materials on the productivity of tundra and 
forest tundra on the lower reaches of Ob river. In: Biological Productivity and Cycling 
of Chemical Elements in Plant Communities (Biologicheskaya produktivnost’ i krugo- 
vorot khimicheskikh elementov v rastitel’nykh soobshchestvakh). Nauka. Leningrad, 
pp. 43-46 (In Russian.) 

Douglas, L.A., and J.C.F. Tedrow. 1959. Organic matter decomposition rates in Arctic 
soils. Soil Sci. 88:305-312. 

Dowding, P. 1974. Nutrient losses from litter on IBP tundra sites. In: A.J. Holding et al., 
eds. Soil Organisms and Decomposition in Tundra. Tundra Biome Steering Commit- 
tee. Stockholm, pp. 363-373. 

Elkington, J.J., and B.M.G. Jones. 1974. Biomass and primary productivity of birch (Betula 
pubescense s. Eat.) in south-west Greenland. J. Ecol. 62:821-830. 

Fedorov-Davydov, D.G. 1997. Peculiarities of the biological cycle in the tundra and flood 
plain landscapes in the lower reaches of Kolyma river. In: The II Int. Conf. on Cryope- 
dology. Abstracts. Syktyvkar. 96. 

Flanagan, P.W., and A.K. Veum. 1974. Relationship between respiration, weight loss, tem- 
perature and moisture in organic residues in tundra. In: A.J. Holding et al., eds. Soil 
Organisms and Decomposition in Tundra. Tundra Biome Steering Committee. Stock- 
holm. pp. 249-277. 

Gasheva, A.F. 1974. Phytomass pools in some communities of the Harp station. In: Trans- 
actions of the Institute of Plant and Animal Ecology, Ural Research Center of the 
USSR Academy of Sciences. Sverdlovsk. 88:106-107. (In Russian.) 

Gorchakovsky, P.A., and N.L Andreyashkina. 1975. Study of the primary production of 
forest tundra communities at the Harp station. In: Resources of the Biosphere (Resursy 
biosfery). Leningrad. Nauka. 1:25-33. (In Russian.) 

Grishina, L.A. 1986. Humus Formation and Humus Status of Soils (Gumusoobrazovanie i 
gumusnoe sostoyanie pochv). Izd. MGU. Moscow. 243 pp. (In Russian.) 

Grishkan, LB. 1995. Decay of plant litter in major communities of the upper Kolyma basin, 
Ekologiya. 1:7-10. (In Russian.) 




S. 4 Ch. 2 Biological Cycle in Terrestrial Polar Ecosystems ... Soil Formation 



505 



Grishkan, LB. 1997. Mycobiota and Biological Activity of Soils on the Upper Reaches of 
Kolyma River (Mikobiota i biologicheskaya aktivnost’ pochv Verkhnei Kolymy). 
Vladivostok. 135 pp. (In Russian.) 

Heal, O.W. 1972. Decomposition studies in tundra. In; F.E. Wielgolaski and T. Rosswall, 
eds. Proc. Int. Meeting on Biological Productivity of Tundra. Leningrad, October, 
1971. pp. 93-97. 

Heal, O.W., and D.D. French. 1974. Decomposition of organic matter in tundra. In: A.J. 
Holding et al., eds. Soil Organisms and Decomposition in Tundra. Tundra Biome 
Steering Committee. Stockholm, pp. 279-309. 

Heal, O.W., G. Howson, D.D. French, and J.N.B. Jeffers. 1974. Decomposition of cotton 
strips in tundra. In: A.J. Holding et al., eds. Soil Organisms and Decomposition in 
Tundra. Tundra Biome Steering Committee. Stockholm, pp. 341-362. 

Heal, O.W., P.W. Flanagan, D.D. French, and Ir.S.F. MacLean. 1981. Decomposition and 
accumulation of organic matter in tundra. Tundra Ecosystems. A Comparative Analy- 
sis, V. 25. Cambridge Univ. Press, pp. 587-633. 

Ignatenko, I.V, and F.I. Khakimzyanova. 1971. Soils and total pools of phytomass in birch- 
dryad and willow tundras of the East-European North. Ekologiya. 4:17-24. (In Rus- 
sian.) 

Ignatenko, I.V., A.V. Knorre, and B.N. Norin, B.N. 1972. Standing corp in plant communi- 
ties at the station Ary-Mas. In: Tundra Biome. Proc. of the IV Int. Meeting on Bio- 
logical Productivity of Tundra (Leningrad). Stockholm, pp. 140-149. 

Ignatenko, I.V., B.N. Norin, and A.T. Rakhmanina.1973. Cycling of ash elements and ni- 
trogen in some biogeocenoses of the East-European forest tundra. In: Soils and vegeta- 
tion in permafrost regions of the USSR (Pochvy i rasiteteTnost’merzlotnykh raionov 
SSSR). DVNTs AN SSSR. Magadan, pp. 335-350. (In Russian.) 

Ignatenko, I.V, and A. A. Pugachev. 1979. Dynamics of the plant mass and the biological 
cycle in alpine tundra and Siberian dwarf-pine landscapes of the northern coast of the 
Okhotsk Sea. In: The Biological Cycle in Tundra Forests in the South of Magadan Re- 
gion (Biologichesky krugovorot v tundrolesyakh yuga Magadanskoi oblasti). Vladi- 
vostok. pp. 92-124. (In Russian.) 

Ignatenko, I.V., and A. A. Pugachev. 1980. The biological cycle in biogeocenoses of the 
Okhotsk Sea mountain province. Pochvovedenie. 8:43-54 (In Russian.) 

Ignatenko, I.V., and A. A. Pugachev. 1981. The biological cycle in alpine tundras of the 
northern coast of the Okhotsk Sea. Ekologiya. 6:82-85 (In Russian.) 

Jenny, H, S.P. Gessel, and F.T. Bibngham. 1949. Comparative study of decomposition rate 
of organic matter in temperature and tropic regions. Soil Sci. 68:419-432. 

Khantimer, I.S. 1970. Increment of the above-ground phytomass in virgin and economi- 
cally disturbed tundra. In: Productivity of Biogeocenoses of Subarctic (Produktivnosf 
biogeotsenozov Subarktiki). Ural. fil. AN SSSR. Sverdlovsk, pp. 84-86. (In Russian.) 

Khlynovskaya, N.I., A.I. Nesterenko, and N.E. Podkovyrkina. 1988. Pools of total phy- 
tomass of major vegetation types in landscapes of the northeastern USSR. In: Prob- 
lems of Studies and Protection of Landscapes in the Northeastern USSR (Problemy 
izucheniya i okhrany landshaftov Severo-Vostoka SSSR). DVNTs AN SSSR. Vladi- 
vostok. pp. 8-27 (In Russian.) 

Khodachek, E.A. 1969. Plant mass of phytocenoses in western Taimir. Botan. zhum. 
54:1059-1073. (In Russian.) 

Kovda, V.A. 1985. Biogeochemistry of the Soil Cover (Biogeokhimiya pochvennogo pok- 
rova). Nauka. Moscow. 264 pp. (In Russian.) 




506 



Zamolodchikov and Fedorov-Davydov 



Lahde, E. 1974. Rate of decomposition of cellulose in forest soils in various parts of the 
Nordic countries. In: Reports from the Kevo Subarctic Station. 11:72-78. 

Manakov, K.N. 1970. Elements of the Biological Cycle in the Polar North (Elementy 
biologicheskogo krugovorota na polyamom Severe). Nauka. Leningrad. 160 pp. (In 
Russian.) 

Manakov, K.N. 1972. Productivity and the Biological Cycle in Tundra Biogeocenoses of 
the Kola Peninsula (Produktivnosf i biologichesky krugovorot v tundrovykh biogeot- 
senozakh KoTskogo poluostrova). Nauka. Leningrad. 148 pp. (In Russian.) 

Manakov, K.N. 1974. Cycling of mineral elements in thin birch forests of forest tundra of 
the Kola peninsula. In: Biological Processes and Mineral Exchange in Soils of the 
Kola Peninsula (Biologicheskie protsessy i mineral ’ny obmen v pochvakh KoTskogo 
poluostrova). Kol. fil. AN SSSR. Apatity, pp. 110-117 (In Russian.) 

Manakov, K.N., and V.V. Nikonov. 1979. Regularities of the biological cycle of mineral 
elements and soil formation in biogeocenoses of three alpine vegetation zones. In: Soil 
Formation in Biogeocenoses of the Khibiny Mountains (Pochvoobrazovanie v bio- 
geotsenozakh Khibinskikh gor). Kol. fil. AN SSSR. Apatity, pp. 65-94 (In Russian.) 

Mishustin, E.N., and A.N. Petrova. 1963. Determination of biological activity of soil, Mik- 
robiologiya. 32,3:479-483. (In Russian.) 

Naplekova, N.N. 1974. Aerobic Degradation of Cellulose by Microorganisms in Soils of 
West Siberia (Aerobnoe razlozhenie tsellulosy mikroorganizmami v pochvakh Zapad- 
noi Sibiri). Nauka. Moscow. 250 pp. (In Russian.) 

Naumov, A.V., and E.N. Naumova 1993. Decomposition of plant root mass in “young” 
soils of the Kansk-Achinsk Thermal Energy Complex (KATEC). Pochvovedenie. 
5:47-55. (In Russian.) 

O’Lear, H.A., and T.R. Seasteadt. 1994. Landscape patterns of litter decomposition in al- 
pine tundra. Oecologia. 1-2:95-101. 

Orlov, D.S., O.N. Biryukova, and N.I. Sukhanova. 1996. Organic Matter in Soils of the 
Russian Federation (Organicheskoe veshchestvo pochv Possiyskoi Federatsii). Nauka. 
Moscow. 256 pp. (In Russian.) 

Pavlova, E.B. 1969. On the plant mass in tundras of western Taimir. Vestn. MGU. Ser. 
Biol. 5:62-67. (In Russian.) 

Parinkina, O.M. 1980. The rate of organic matter decomposition in tundras of the Taimir 
Peninsula. In: Biogeocenoses of the Taimir Tundra (Biogeotsenozy Taimyrskoi tun- 
dry). Leningrad, pp. 234-249. (In Russian.) 

Parinkina, O.M. 1989. The Microflora of Tundra Soils (Mikroflora tundrovykh pochv). 
Nauka. Leningrad. 159 pp. (In Russian.) 

Parinkina, O.M., V.N. Pereverzev, and T.Kh. Piyn.1994. Peculiarities of decomposition of 
the abovesoil lichens under conditions of alpine tundra, northern and southern taiga. 
Pochvovedenie. 5:42-48 (In Russian.) 

Pereverzev, V.N. 1987. Biochemistry of Humus and Nitrogen in Soils of the Kola Penin- 
sula (Biokhimiya gumusa i azota pochv KoTskogo poluostrova). 303 pp. (In Russian.) 

Pereverzev, V.N. 1988. The decomposition rate of plant residues and humus formation in 
soils of the Khibiny mountains, Pochvovedenie. 2:68-77. (In Russian.) 

Pereverzev, V.N., and N.S. Alekseeva. 1980. Organic Matter in Soils of the Kola Peninsula 
(Organicheskoe veshchestvo v pochvakh KoTskogo poluostrova). Nauka. Leningrad. 
227 pp. (In Russian.) 

Pospelova, E.B., and V.D. Vasiljevskaja. 1985. Primary production of Taimir tundras. 
Botan. Zhum. 2:188-198. (In Russian.) 




S. 4 Ch. 2 Biological Cycle in Terrestrial Polar Ecosystems ... Soil Formation 



507 



Pospelova, E.B., and M.V. Orlov. 1984. Pools and structure of the phytomass of spotty tun- 
dras on the eastern coast of Taimir Lake. Ekologiya. 1:14-21. (In Russian.) 

Pospelova, E.B., and Yu.G.Zharkova. 1984. The vegetation cover and phytomass of plant 
communities at the Agapa station. In: Soils and Productivity of Plant Communities 
(Pochvy i produktivnosf rastitel’nykh soobshchestv). Izd. MGU. Moscow. 1:14-21 (In 
Russian.) 

Pugachev, A. A. 1984. Pools of biomass and elements of the biological cycle in communi- 
ties of the alpine tundra zone. In: The Soil Layer of Alpine Tundra Ecosystems of the 
Annagach Ridge (the upper reaches of Kolyma river (Pochvennyi yarns ekosistem 
gomykh tundr khrebta BoTshoi Annagach (verkhovya Kolymy)). DVNTs AN SSSR. 
Vladivostok, pp. 134-159 (In Russian.) 

Rakhmanina, A.T. 1971. Above- and underground phytomass of some communities in the 
East-European forest tundra. In: Biological Productivity and Cycling of Chemical Ele- 
ments in Plant Communities (Biologicheskaya produktivnost’ i krugovorot 
khimicheskikh elementov v rastitel’nykh soobshchestvakh). Nauka. Leningrad, pp. 7- 
42 (In Russian.) 

Richard, F. 1945. Der Biologische Abbau von Zellulose- und Eiweiss-Testschnuren im 
Boden fiir das Forstliche Versuchswesen. 24:297-397. 

Rosswall, T. 1973. Plant litter decomposition studies at the Swedish tundra site. In: Swed- 
ish Tundra Biome Technical Report. 14:129-133. 

Rosswall, T. 1974. Cellulose decomposition studies on the tundra. In: A.J. Holding et al., 
eds. Soil Organisms and Decomposition in Tundra. Tundra Biome Steering Commit- 
tee. Stockholm, pp. 325-340. 

Rosswall, T., J.G.K. Flower-Ellis, L.G. Johansson, S. Jonsson, B.E. Ryden, and M. Sones- 
son. 1975. Stordalen (Abisko), Sweden. In: T. Rosswall and O.W. Heal, eds. Structure 
and Function of Tundra Ecosystems. Ecol. Bull. No. 20. Stockholm, pp. 265-294. 

Rosswall, T., A.K Veum, and L. Karenlampi. 1975a. Plant litter decomposition at Fenno- 
scandian tundra sites. In: F.E. Wielgolaski, ed. Fennoscandian Tundra Ecosystems. 
Part I. Plants and Microorganisms. (Ecol. Studies, No. 16). Springer-Ferlag. Berlin- 
Heidelberg-New York. pp. 268-278. 

Shamurin, V.F. 1970. Pools of phytomass in some tundra communities of Vorkuta region. 
In: Biological Bases for the Use of Natural Resources in the North (Biologicheskie os- 
novy ispoTzovaniya prirody Severa). Kn. Izd. Komi SSR. Syktyvkar, pp. 25-29. (In 
Russian.) 

Shamurin, V.F., T.G.Polosova, and E.A. Khodachek. 1972. Plant biomass of main plant 
communities at the Tareya station (Taimir). In: Tundra Biome. Proc. of IV Int. Meet- 
ing on Biological Productivity of Tundra (Leningrad). Stockholm, pp. 163-182. 

Shaver, G.R., and S.F. Chapin III. 1991. Production: biomass relationships and element cy- 
cling in contrasting Arctic vegetation types. Ecol. Monographs. 61:1-31. 

Sonesson, M. 1973. Studies in production and turnover of bryophytes at Stordalen 1972. 
Swedish Tundra Biome Tech. Rpt. 14:66-75. 

Smorodnikova, N. Yu. 1983. Pools and structure of plant mass in the Arctic tundra of 
Vrangel Island. In: Biological Problems of the North (Biologicheskie problemy Sev- 
era). Abstracts of X All-Union Symp. Magadan, Part 1. pp. 210-21 1 (In Russian.) 

Stenina, T.A., 1978. Biological activity of soils in the Vorkuta tundra. Pochvovedenie. 
10:59-64. (In Russian.) 

Stenina, T.A., A.V.Kononenko, and A.N.Tsypanova. 1979. Phytomass of tundra communi- 
ties in the Vorkuta region. In: Biological Productivity of Soils and Its Increase in the 




508 



Zamolodchikov and Fedorov-Davydov 



Interests of People’s Economy (Biologicheskaya produktivnost’ pochvi ee uvelichenie 
V interesakh narodnogo khozyaistva). Abstracts of All-Union Meeting, Dec. 18-20, 
1979. Izd. MGU. Moscow, pp. 150-153. (In Russian.) 

Trotsenko, G.V. 1974. On pools of phytomass in major plant communities of forest tundra 
in the north of the Ob river basin. In: Biological Problems of the North (Biologiches- 
kie problemy Severa). Abstracts of VI Symp., Yakutsk, No. 3: Botany and Plant Re- 
sources. pp. 188-192. (In Russian.) 

Van Cleve, K. 1974. Organic matter quality in relation to decomposition. In: A.J. Holding 
et al., eds. Soil Organisms and Decomposition in Tundra. Tundra Biome Steering 
Committee. Stockholm, pp. 311-324. 

Vassiljevskaja, V.D., V.V. Ivanov, L.G. Bogatyrev, E.V. Pospelova, N.M. Shalaeva, and 
L.A. Grishina. 1975. Agapa, USSR. In: T. Rosswall and O.W. Heal, eds. Structure and 
Function of Tundra Ecosystems. Ecol. Bull. No. 20. Stockholm, pp. 141-158. 

Vikhreva-Vasil’kova, V.V., V.A. Gavrilyuk, and V.F. Shamurin. 1964. The above- and un- 
derground mass of some dwarf shrub communities in the Koryak Land. In: Problems 
of the North (Problemy Severa). Moscow-Leningrad. pp. 137-147. (In Russian.) 

ViTchek, G.E. 1984. On the productivity of tundra biogeocenoses in the vicinity of 
Kharasway Cap. Biol, nauki, Botanika. 7:67-71. (In Russian.) 

ViTchek, G.E. 1986. Productivity of some biocenoses in Vorkuta tundras. Ekologiya. 2:8- 
13. (In Russian.) 

ViTchek, G.E. 1987. Productivity of typical Taimir tundras. Ekologiya. 5:38-43. (In Rus- 
sian.) 

Vostrov, I.S., and A.N. Petrova. 1961. Determination of biological activity of soils by vari- 
ous methods. Mikrobiologiya. 30,4:665-672. (In Russian.) 

Webber, P.J. 1974. Tundra primary productivity. In: J.D. Ives and R.G. Barry, eds. Arctic 
and Alpine Environment. Methuen. London, pp. 445-473. 

Widden, P. 1977. Microbiology and decomposition on the Truelove Lowland. In: L.C. 
Bliss, ed. Tmlove Lowland, Devon Island, Canada: a High Arctic Ecosystem. Univ. 
Alberta Press. Edmonton, pp. 505-530. 

Witkamp, M. 1966. Rates of carbon dioxide evolution from the forest floor. Ecol. 47:492- 
493. 

Zamolodchikov, D.G., D.V. Karelin, and N.V. Zukert. 12001. An empirical model of car- 
bon fluxes in Russian tundra. Global Change Biol. 7:147-162. 

Zlotin, R.I., A. A. Tishkov, and O.N. Shubnikov. 1989. Biocenological relationships in the 
Arctic tundra ecosystem (Spitsbergen). In: Interactions of Organisms in Tundra Eco- 
systems (Vzaimodeistviya organizmov v tundrovykh ekosystemakh). Abstracts. Syk- 
tyvkar. pp. 214-217. (In Russian.) 

Zyryanov, V.A., and L.A. Kolpashchikov. 1981. Plant resources and their use by the wild 
reindeer in western Taimir. In: Ecology and Economic Use of the Terrestrial Fauna of 
the Yenisei North (Ekologiya i khozyaistvennoe ispoTzovanie nazemnoi fauny Yeni- 
seiskogo Severa). SO VASKhNIL. Novosibirsk, pp. 27-38. (In Russian.) 




Chapter 3. Soil Organic Matter Storage in Cold 
Soils of Coastal Eastern Antarctica 
(Casey Station, Wilkes Land) 



Lothar Beyer', Kristina Pingpank^, Manfred Bolter^, and Rodney D. Seppelt^' 

'Professor, Institute for Polar Ecology, Christian-Albrechts-University Kiel, 
Wischhofstr. 1-3, Bldg. 12, 24148 Kiel, Germany; e-mail soil science (g) web.de . 
^Ph.D., Institute for Plant Nutrition and Soil Science, Christian-Albrechts- 
University Kiel, Olshausenstr. 40, 24098 Kiel, Germany. 

^Professor, Institute for Polar Ecology, Christian-Albrechts-University Kiel, 
Wischhofstr. 1-3, Bldg. 12, 24148 Kiel, Germany; e-mail 
mboelter(g> ipoe.uni-kiel.de . 

"^Professor Dr., Institute of Arctic Biology, University of Alaska, Fairbanks, and 
Australian Antarctic Division, Channel Highway, Kingston 7050, Tasmania, 
Australia; e-mail rod.seppelt @ antdiv. gov.au . 



1 . Introduction 

Recent literature regards organic matter and its accumulation as of minor impor- 
tance to soil’s formation in Antarctica (Bockheim and Ugolini, 1990). This is 
probably why the global map of distribution of soil organic carbon leaves Antarc- 
tica completely white (Batjes, 1995). However, most of the recent data came from 
soils of dry valleys with a very low humus content (Campbell and Claridge, 1987; 
Claridge and Campbell, Section 4, Chapter 6). In contrast, Blume et al. (1997) 
showed that the carbon and nitrogen content of the top soils of the southern cir- 
cumpolar region is much greater than expected (see also Blume and Bolter, 1993; 
Blume et al., 1996). 

This chapter presents data about soils close to the Australian Casey Station, to 
specify the carbon and nitrogen storage in the soils of coastal Antarctica and dis- 
cuss the relationship between the accumulation of soil organic matter (SOM) and 
soil development. 
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2. Sites 

Casey Station is on the coast of eastern Antarctica. The mean annual precipita- 
tion is 170 mm, mainly snow, and the average temperature is -9°C. Spodic Hap- 
lic or Leptic and Gleyic Turbic Cryosols and Gelic Histosols are typical in this 
area (Blume and Bolter, 1993; Blume et al.; 1997, Beyer et al., 2000). Four rep- 
resentative sites (10 X 10 m^) for collecting soil material were installed near the 
station. 



3. Methods 

Soil samples were collected at the four sites at every square meter and from rep- 
resentative profiles in January and February 1996. Analytic methods were in ac- 
cordance with Schlichting et al. (1995). Carbon was determined after dry com- 
bustion with a Strohlein apparatus. Nitrogen was digested with the Kjeldahl 
procedure and measured in a flow injection analyzer. The pH values were deter- 
mined in a 10 mM CaCl 2 solution. The total mass of carbon and nitrogen were 
calculated using the carbon and nitrogen contents in the fine earth, the bulk den- 
sity, the horizon depth, and the stone content. 



4. Geomorphology and Soils 

Bare rock or rock fragments from gneiss and schist covered 25 to 56% of the sur- 
face (Table 4.3.1) (Paul et al., 1995). The weathered parent material accumulated 
in small valleys and depressions and initially formed the soil, forming A-C soils 
(Beyer et al., 2000). In addition, loamy fine earth material separated from sand 
and gravel, due to intensive cryoturbation (Blume et al., 1997). This was visible 
at all sites as stone rings and solifluction tongues. The permanent movement of 
the soil material inhibited plant colonization (Washburn, 1980). In this case, 
loose soil material reflecting recent cryoturbation covered the surface (Table 
4.3.1). 

Table 4.3.1. Summarized geomorphological surface features of the investigated sites. 

Site Bare rock and Gravel Loose soil material Loose soU material 

rock fragments pavement without vegetation with vegetation 



% of total surface 



A 


47 


NE 


27 


26 


B 


56 


NE 


26 


18 


C 


28 


NE 


12 


48 


D 


25 


27 


NE 


48 



NE: no occurrence. 
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Table 4.3.2. Soil geography of the investigated sites A-D (100 


m^ plots) and the total 




landscape (overall) and percentage standard deviation (a%). 










Soil Unit 


Site 








Over 


o% 


Soil Survey Staff, 1998; (WRB-FAO, 1998) 


A 


B 


C 


D 


all 








— % of covered area -- 


— 




Orthels & Turbels (Leptic Cryosols) 


47.0 


26.4 


12.8 


47.9 


33.5 


44 


Loamy-skeletal Lithic Haplorthel or Haplo- 


27.0 


9.0 


12.8 


47.9 


24.2 


63 


turbel (Haplic or Turbic Leptic Cryosol) 














Sandy- skeletal, Lithic Haplorthel (Haplic 


20.0 


17.4 


NE 


NE 


9.4 


100 


Leptic Cryosol) 














Orthels (all podzolic) (Spodic Leptic 


1.5 


NE 


51.2 


26.8 


19.9 


106 


Cryosols) 














Sandy- skeletal, Lithic Spodorthel^ (Spodic 


NE 


NE 


51.2 


NE 


22.2 


173 


Leptic Cryosol) 














Loamy-skeletal, Typic Spodorthef (Spodic 


NE 


NE 


NE 


26.8 


6.7 


173 


Haplic Cryosol) 














Sandy, Lithic Spodorthef (Spodic Leptic 


1.5 


NE 


NE 


NE 


0.4 


173 


Cryosol) 














Aquaturbels (Gleyic Turbic Cryosols) 


4.3 


17.5 


7.8 


NE 


7.4 


87 


Loamy-skeletal, Typic Aquaturbel ( Gleyic 


NE 


16.3 


NE 


NE 


4.1 


173 


Turbic Cryosol) 














Loamy-skeletal, Lithic Aquaturbel (Gleyic 


4.3 


1.2 


NE 


NE 


1.4 


128 


Turbic Leptic Cryosol) 














Fine-loamy, Lithic Aquaturbel (Gleyic Tur- 


NE 


NE 


7.8 


NE 


2.0 


173 


bic Leptic Cryosol) 














Bare rock/rock fragments 


47.2 


56.1 


28.2 


25.2 


39.2 


33 



NE: no occurrence. 

^Taxa proposed by Beyer et al. (1999b). 



Geomorphological features remained visible when cryogenie processes were 
relic, but lower plants (lichens [e.g., Usnea sphacelata, Usnea antarctica] and 
mosses [e.g., Ceratodon purpurea]) covered the soil surface (Seppelt and Broady, 
1988; Smith, 1990; Melick et al., 1994a). At site D, the gravel pavement reveals 
an abandoned penguin rookery, which is typical for coastal Antarctica (Campbell 
and Claridge, 1987; Smith, 1990). Obviously the material was too coarse and the 
time since the recent colonization by the penguins was too short for plants to 
have adapted. 

Table 4.3.2 summarizes the results of the detailed soil survey at sites A-D. The 
solum was, in general, <25 cm (Beyer et al., 2000) and therefore, in most cases, 
the soils were classified as Leptic Cryosols. These predominant soil units had a 
sandy and loamy skeletal texture. 

Very often, the loamy fine earth material separated from sand and gravel due 
to intensive cryoturbation (Blume et al., 1997). Soils having such recent cryo- 
genic features were classified as Turbic Leptic Cryosols, in contrast to the Haplic 
Leptic Cryosols with no cryogenic features (WRB-FAO, 1998). Additionally in 
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the loamy parent materials, frequently aquic conditions (Soil Survey Staff, 1998) 
induced redoximorphic properties, due to stagnic water. In such cases, soil forma- 
tion produced Gleyic Turbic (Leptic) Cryosols. 

Spodic Haplic or Leptic Cryosols occurred at sites A and C and especially at 
the abandoned penguin rookery at site D. At foot slopes, in small depressions, or 
along some surface meltwater channels, frequently small patches of Gelic Histo- 
sols occur (Beyer et al.. Section 4, Chapter 4; Beyer, 2000). However, they did 
not appear at plots A-D. 

Blume et al. (1997), Beyer et al. (1997a), Beyer and Bolter (2000), and Beyer 
et al. (2000) discuss soil formation processes and soil properties in detail. In 
summary, the soil survey indicates a great variability of soil formation and an ex- 
traordinary small-distance variation in soil geography (see Table 4.3.2, o%). This 
suggests a possibly wide range in soil ecological properties and carbon and nitro- 
gen stocks which might affect the adaptation of soil organisms, the nutrient sup- 
ply, and plant colonization and might reflect microbial turnover rates. 

Surprisingly, Table 4.3.3 shows no significant differences in the pH values of 
the top soils. The mean was between 4.0 and 4.5 in all soils. Regardless of the 
site, the frequency distribution was very similar. In the Gelic Histosols, the varia- 
tion was somewhat higher due to the formation of different organic layers: the fi- 
bric Oi had a mean pH of 4.5, the hemic Oe, 4.2. and the weakly sapric Oa, 3.7 
(Beyer, 2000). The latter occasionally dropped below 3.6. This is why most of the 
soils belong taxonomically to the dysic nutrient regime (Soil Survey Staff, 1998; 
Beyer et al., 2000). 



5. Carbon and Nitrogen Storage 

The content of total organic carbon (TOC) in the top soil ranged from <5 mg/g to 
>50 mg/g (Table 4.3.4). Occasionally, in small depressions, the TOC content was 
close to the content of peaty horizons (especially at sites B and C; compare data 
in Table 4.3.5). However, the mean of the Histosol layers ranged between 200 
and 320 mg/g, depending on the occurrence of fibric (Oi), hemic (Oe), or weakly 
sapric (Oa) materials (Beyer, 2000). 

In the loamy soils without vegetation, at the inner center of the stone rings and 
solifluction tongues (site A), TOC was lower. A certain mineral soil unit (Cryosol 
subgroup) did not indicate a specific TOC content. Especially at sites B and C, 
we could distinguish Haplic Leptic Cryosols and SOM-enriched Leptic Cryosols 
(Beyer et al., 2000). 
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Table 4.3.3. Mean (0) pH value (CaCh) in top soils (0 to 5 cm) and frequency distribu- 
tion at different soil units and landscape sites (A-D). 


Soil Unit (WRB-FAO, 1998) 


Site 


N 


0 


3.6-4.0 


4.1-4.5 


4.6-5.0 


Leptic Cryosol 


all 


203 


4.3 


16 


74 


10 


Haplic or Turbic Leptic Cryosol 


A 


27 


4.4 


0 


78 


22 


(loamy-skeletal) 


B 


16 


4.1 


50 


50 


0 




C 


21 


4.3 


19 


71 


10 




D 


75 


4.3 


5 


86 


9 


Mean (site A-D) 


0 


139 


4.3 


12 


76 


12 


Haplic Leptic Cryosol (sandy-skeletal) 


A 


31 


4.2 


19 


78 


3 




B 


33 


4.2 


30 


58 


12 


Mean (site A-B) 


0 


64 


4.2 


25 


67 


8 


Spodic Cryosol 


all 


99 


4.3 


18 


59 


23 


Spodic Leptic Cryosol (sandy-skeletal) 


C 


70 


4.4 


6 


61 


33 


Spodic Haplic Cryosol (loamy-skeletal) 


D 


24 


4.1 


46 


54 


0 


Spodic Leptic Cryosol (sandy) 


A 


5 


4.0 


60 


40 


0 


Gleyic Turbic Cryosol 


all 


42 


4.2 


12 


76 


12 


Gleyic Turbic Cryosol (loamy-skeletal) 


B 


23 


4.3 


4 


83 


13 


Gleyic Turbic Leptic Cryosol (loamy- 
skeletal) 


A 


9 


4.4 


13 


63 


24 




B 


2 


4.3 


0 


100 


0 


Gleyic Turbic Leptic Cryosol (fine- 
loamy) 


C 


8 


4.2 


25 


75 


0 


Gelic Histosol 


NE 


6^ 


4.1 


48® 


19 


33 



NE: no occurrence. 

^Six sites with 21 organic layers. 
®Incl. 10% <pH 3.6. 



In the sandy textured soils, we found no Leptic Cryosols with a TOC content 
exceeding 50 mg/g, but we did with the loamy soils (Table 4.3.4). The Spodic 
Cryosols showed also a great variation in TOC content but did not significantly 
differ from the mean of the non-spodic Cryosols. In contrast, except for the fine 
loamy Gleyic Cryosols with a low gravel content and a thick moss cover, TOC in 
the top soils of the Gleyic Cryosols was significantly lower, as in most other min- 
eral soils; and the surface of other Gleyic Cryosols showed no vegetation at all 
(Beyer et al., 2000). 

We observed a positive, well correlated pattern of TOC in relation to nitrogen 
contents (Nt) (Beyer et al., 2000). For this reason, the mean C/N ratio was much 
similar in most of the top soils, close to 10, with little variation (Table 4.3.6). 
Only in the upper organic layers of the Gelic Histosols was the C/N ratio wider; it 
reached the level of the mineral soils already in the sapric materials of the Oa ho- 
rizons (Table 4.3.7). Some maxima exceeded 35 in the mineral soils (Table 
4.3.6), as well as in the Oi layers of the Gelic Histosols. 
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Table 4.3.4. Mean (0) organic carbon content (TOC) in 


top soils (0 to 5 cm) and fre 




quency distribution at different soil units and landscape sites (A-D). 








Soil Unit 


Site 


N 


0 






Percentage- 






(WRB-FAO, 1998) 






mg/g 


<5 


-10 


-20 


-30 


-50 


-100 - 


150 














-mg carbon/g fine earth 




Leptic Cryosol 


all 


203 


19 


4 


33 


36 


13 


8 


4 


1 


Haplic or Turbic 


A 


27 


8 


15 


75 


7 


4 


0 


0 


0 


Leptic Cryosol 






















(loamy- skeletal) 


B 


16 


37 


0 


0 


38 


19 


25 


19 


0 




C 


21 


45 


5 


24 


24 


0 


10 


24 


14 




D 


75 


14 


3 


21 


43 


7 


1 


0 


0 


Mean (site A-D) 


0 


139 


20 


6 


33 


40 


8 


5 


6 


2 


Haplic Leptic 


A 


31 


14 


0 


48 


16 


35 


0 


0 


0 


Cryosol 






















(sandy-skeletal) 


B 


33 


20 


0 


18 


39 


25 


27 


0 


0 


Mean (site A-B) 


0 


64 


17 


0 


33 


28 


15 


14 


0 


0 


Spodic Cryosol 


all 


99 


22 


7 


17 


29 


26 


15 


5 


0 


Spodic Leptic 


C 


70 


19 


10 


24 


36 


17 


6 


7 


0 


Cryosol 






















(sandy-skeletal) 






















Spodic Haplic 


D 


24 


27 


0 


0 


17 


58 


25 


0 


0 


Cryosol 






















(loamy-skeletal) 






















Spodic Leptic 


A 


5 


45 


0 


0 


0 


0 


100 


0 


0 


Cryosol (sandy) 






















Gleyic Turbic 


all 


42 


9 


28 


42 


19 


7 


2 


2 


0 


Cryosol 






















Gleyic Turbic 


B 


23 


5 


35 


48 


17 


0 


0 


0 


0 


Cryosol 






















(loamy-skeletal) 






















Gleyic Turbic Leptic 


A 


9 


6 


44 


44 


12 


0 


0 


0 


0 


Cryosol 






















(loamy-skeletal) 


B 


2 


5 


0 


50 


50 


0 


0 


0 


0 


Gleyic Turbic Leptic 


C 


8 


24 


0 


25 


25 


37 


0 


13 


0 


Cryosol (fme-loamy) 

























S.4 Ch. 3 Soil Organic Matter Storage . . . Coastal Eastern Antarctica 



515 



Table 4.3.5. Mean (0) organic carbon content (TOC) and its standard deviation in typical 
layers of Gelic Histosols, and the percentage of TOC frequency distribution. 



Horizon N 0 a Percentage 

<150 -200 -300 -400 >400 



■mg carbon/g fine earth - 



Oi 


6 


324 


89 


0 


17 


33 


17 


33 


Oe 


9 


274 


73 


0 


22 


44 


33 


0 


Oa 


6 


203 


46 


17 


50 


33 


0 


0 



Tables 4.3.8 and 9 reflect the wide range of the TOC and Nt storage in the soil 
solum of whole profiles at the very small scale of 1 m^. The carbon storage in the 
mineral soils ranged from 0.3 to 8.2 kg/m^, and the nitrogen storage, from 21 to 
736 gW. In the Histosols the stocks were much higher: TOC, from 5.2 to 45.6 
kg/m^; Nt, from 0.2 to 2.6 kgW (Beyer et al., 1995; Blume et al., 1996; Blume et 
al., 1997; Beyer, 2000). The storage data of Tables 4.3.8 and 4.3.9 confirm the 
great variation within the non-gleyic Cryosols (haplic, leptic, spodic, turbic) and 
within one subgroup and/or at the same site. Among the four sites, the mean 
TOC storage ranged from 1.8 to 4.0 kg/m^ and the mean Nt storage, from 180 to 
360 g/m^, a deviation of more than 60%. 

Overall, the C-to-N ratio ranged from 5 to 26 (Table 4.3.10). In the mineral 
soils, carbon and nitrogen storage strongly correlated (r = 0.786, n = 21). How- 
ever, in cases of high accumulation of organic matter, the C/N ratio was extraor- 
dinarily high (Beyer et al., 1995, 1997b) or extremely low, with an evident nitro- 
gen input by penguins (Blume et al., 1997; Beyer et al., 1997a). 

We found no correlation between C and N storage and depth of the solum in 
the Cryosols (r = - 0.1269), which ranged from 6 to 50 cm (Beyer et al., 2000), or 
in the Gelic Histosols (Beyer, 2000). For the mineral soils, this means the Leptic 
Cryosols do not have lower amounts of TOC and Nt as do their haplic counter- 
parts. In addition, there was no correlation to the stone content in the soils (r = 
-0.201), which ranged from 16 to 83% (Beyer et al., 2000), indicating no lower 
amounts with a high gravel content. 
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Table 4.3.6. Mean C/N ratio in top soils (0 to 5 cm) and frequency distribution at differ- 
ent soil units and landscape sites (A-D). 



Soil Unit 


Site 


N 


0 


— 




Percentage 






(WRB-FAO, 1998) 








<7 


8-10 


11-13 


14-19 


20-25 


26-35 


>35 


Leptic Cryosol 


all 


203 


12 


10 


60 


20 


4 


<1 


1 


4 


H. or T. Leptic 
Cryosol 


A 


27 


12 


48 


22 


15 


0 


0 


8 


7 


(loamy- skeletal) 


B 


16 


16 


0 


50 


31 


0 


0 


0 


19 




C 


21 


14 


5 


24 


33 


29 


5 


0 


5 




D 


75 


10 


4 


67 


27 


4 


0 


0 


0 


Mean (site A-D) 


0 


139 


12 


12 


50 


26 


6 


1 


1 


4 


Haplic Leptic 
Cryosol 


A 


31 


9 


6 


88 


6 


0 


0 


0 


0 


(sandy-skeletal) 


B 


33 


12 


3 


79 


0 


0 


0 


0 


9 


Mean (site A-B) 


0 


64 


11 


5 


82 


8 


0 


0 


0 


5 


Spodic Cryosol 


all 


99 


10 


9 


71 


19 


1 


0 


<1 


<1 


Spodic Leptic 
Cryosol 


C 


70 


9 


14 


72 


10 


3 


0 


0 


1 


(sandy-skeletal) 
Spodic Haplic 
Cryosol 


D 


24 


10 


0 


58 


42 


0 


0 


0 


0 


(loamy-skeletal) 
Spodic Leptic 
Cryosol (sandy) 


A 


5 


14 


0 


40 


40 


0 


0 


20 


0 


Gleyic Turbic 


all 


42 


9 


17 


58 


12 


2 


0 


0 


2 


Cryosol 

Gleyic Turbic 
Cryosol 


B 


23 


8 


9 


82 


9 


0 


0 


0 


0 


(loamy- skeletal) 
Gleyic T. Leptic 
Cryosol 


A 


9 


11 


44 


44 


0 


0 


0 


0 


12 


(loamy-skeletal) 


B 


2 


9 


0 


10 


0 


0 


0 


0 


0 


Gleyic T. Leptic 

Cryosol(fine- 

loamy) 


C 


8 


10 


13 


37 


37 


0 


0 


0 


0 



H.: Haplic; T.: Turbic. 



Table 4.3.7. Mean (0) C/N ratio and its standard deviation in typical layers of Gelic 
Histosols, and the percentage of C/N frequency distribution. 



Horizon 


N 


0 


a 


<10 


10-13 


-Percentage — 

14-19 20-25 


26-35 


>35 


Oi 


6 


29 


10 


0 


0 


33 


33 


17 


17 


Oe 


9 


19 


5 


11 


0 


44 


33 


11 


0 


Oa 


6 


14 


3 


17 


50 


33 


0 


0 


0 
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Table 4.3.8. Total organic carbon (TOC in kg per m^) storage in the soil solum (range 7 to 
50 cm) of the investigated profiles sites, means overall soils and sites, and the percentage 
of standard deviation (g%). 



Soil unit 

(WRB-FAO, 1998) 


A 


■ Site- 

B 


C 


D 


Mean 

Over 

all 


c% 


H. or T. Leptic Cryosol 










3.2 


74 


loamy-skeletal 


1.4 


3.4, 3.6, 8.2 


6.1, 0.3 


1.4 


3.4 


76 


sandy-skeletal 


1.6 


3.3 


NE 


NE 


2.4 


36 


Spodic Cryosol 










4.6 


55 


Leptic, sandy-skeletal 


NE 


NE 


3.5 


NE 


NC 


NC 


Haplic, loamy-skeletal 


NE 


NE 


NE 


2.2 


NC 


NC 


Leptic, sandy 


8.2 


NE 


NE 


NE 


NC 


NC 


Gleyic Turbic Cryosol 










'~2.8 ” “ 


57 


loamy-skeletal 


NE 


0.8 


NE 


NE 


NC 


NC 


Leptic, loamy-skeletal 


4.4 


4.4 


NE 


NE 


4.4 


<1 


Leptic, fine-loamy 


NE 


NE 


1.8 


NE 


NC 


NC 


Mean overall Cryosols 


3^9" 


4.0 


2.9 


1.8 


~ ~~ 3 A ~ ~ 


69 “ 


(0) 














Standard deviation (o%) 


71 


57 


74 


23 


56 


NC 


Gelic Histosols^ 


NE 


NE 


NE 


NE 


25.9’"""~’~ 


49 



NE: no occurrence; NC: not calculated; T.: Turbic; H.: Haplic. 
^Six sites outside the plots A-D. 



With respect to the soil units, the correlation with carbon and nitrogen was 
weak; however, we observed a sequence tendency of the mean storage: Gleyic 
Turbic (Leptic) Cryosol = Haplic or Leptic Cryosol < Spodic (Haplic or Leptic) 
Cryosol < SOM-enriched (Haplic or Leptic) Cryosol « Gelic Histosol. 

Tables 4.3.11 and 4.3.12 compare the summarized TOC and Nt stocks in the 
soils of the 100 m^ A-D plots to soils as carbon and nitrogen sinks at a landscape 
level. Site C showed the highest TOC and Nt stock of the four sites. Its extreme 
value, caused by the extraordinary occurrence of Spodic and SOM-enriched 
Cryosols, especially affected the TOC storage variability of 42% (Table 4.3.11) 
(Beyer et al., 2000). However, comparing landscape level with square meter level 
of a single profile decreases the variability from 69% to 42% for carbon (compare 
Table 4.3.8 and 4.3.11, a%) and from 62% to 31% for nitrogen (compare Table 
4.3.9 and 4.3.12, o%). Excluding site C, the variability dropped for carbon stor- 
age to below 10% (Table 4.3.11) and for nitrogen to 25% (Table 4.3.12). These 
observations indicate that a detailed soil survey enables a more accurate estima- 
tion of the carbon and nitrogen stocks. The results suggest that, at 75% of the 
landscape sites, the carbon and nitrogen stocks are very similar. 
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Table 4.3.9. Total nitrogen (Nt in g/m^) storage in the soil solum (range 7 to 50 cm) of the 
investigated profiles sites, means overall soils and sites, and the percentage of standard 
deviation (o%). 



Soil Unit 




Site 




Mean 




(WRB-FAO, 1998) 


A 


B 


C 


D 


Over all 




H. or T. Leptic Cryosol 










283 


72 


loamy-skeletal 


82 


347, 288, 736 


> 285, 21 


82 


263 


76 


sandy-skeletal 


169 


342 


NE 


NE 


256 


34 


Spodic Cryosol 










324 


11 


Leptic, sandy-skeletal 


NE 


NE 


285 


NE 


NC 


NC 


Haplic, loamy-skeletal 


NE 


NE 


NE 


372 


NC 


NC 


Leptic, sandy 


314 


NE 


NE 


NE 


NC 


NC 


Gleyic Turbic Cryosol 










211 


41 


loamy-skeletal 


NE 


156 


NE 


NE 


NC 


NC 


Leptic, loamy-skeletal 


309 


307 


NE 


NE 


308 


<1 


Leptic, fine-loamy 


NE 


NE 


115 


NE 


NC 


NC 


Mean overall soils (0) 


218 


362 


177 


227 


267 


62 


Standard deviation (a) 


45 


49 


64 


64 


62 


NC 


Gelic Histosols^ 


NE 


NE 


NE 


NE 


1561 


50% 



NE: no occurrence; NC: not calculated; T.: Turbic; H.: Haplic. 
"^Six sites outside the plots A-D. 



Table 4.3.10. C/N ratio of total soil profiles, means overall soils and sites, and the per- 
centage of standard deviation (a%). 



Soil Unit 




Site- 






Mean 


CT% 


(WRB-FAO, 1998) 


A 


B 


C 


D 


Over all 




H. or T. Leptic Cryosol 


12.2 


11.1 


21.3 


16.8 


15.4 


26 


loamy-skeletal 


16.8 


14.3 


21.3 


16.8 


17.3 


15 


sandy-skeletal 


9.3 


9.7 


NE 


NE 


9.5 


2 


Spodic Cryosol 


25.9 


NE 


12.4 


5.9 


14.7 


57 


Leptic, sandy-skeletal 


NE 


NE 


12.4 


NE 


NC 


NC 


Haplic, loamy-skeletal 


NE 


NE 


NE 


5.9 


NC 


NC 


Leptic, sandy 


25.9 


NE 


NE 


NE 


NC 


NC 


Gleyic Turbic Cryosol 


14.3 


6.1 


15.4 


NE 


13.3 


51 


loamy-skeletal 


NE 


4.9 


NE 


NE 


NC 


NC 


Leptic, loamy-skeletal 


14.3 


14.4 


NE 


NE 


14.4 


<1 


Leptic, fine-loamy 


NE 


NE 


15.4 


NE 


NC 


NC 


Mean overall soils (0) 


16.7 


10.8 


16.4 


11.4 


14.0 


NC 


Standard deviation (a%) 


36 


36 


23 


48 


40 


- 


Gelic Histosols^ 


NE 


NE 


NE 


NE 


17.8 


19 



NE: no occurrence; NC: not calculated; T.: Turbic; H.: Haplic. 
^Six sites outside the plots A-D. 
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Table 4.3.11. Total organic carbon (TOC in kg per 100 m^) in the soil solum (range 7 to 
50 cm) of the investigated sites, the mean overall sites and soil units, and the percentage 
of standard deviation (a%). 


Soil Unit 






Site 


Mean 


CT% 


(WRB-FAO, 1998) 


A 


B 


C D 


Over all 




H. or T. Leptic Cryosol 


68.4 


93.7 


59.2 65.8 


71.8 


18 


loamy-skeletal 


37.1 


36.2 


59.2 65.8 


49.6 


27 


sandy-skeletal 


31.3 


57.5 


NE NE 


44.4 


30 


Spodic Cryosol 


12.2 


NE 


181.5 59.0 


84.2 


85 


Leptic, sandy-skeletal 


NE 


NE 


181.5 NE 


NC 


NC 


Haplic, loamy-skeletal 


NE 


NE 


NE 59.0 


NC 


NC 


Leptic, sandy 


12.2 


NE 


NE NE 


NC 


NC 


Gleyic Turbic Cryosol 


18.9 


17.8 


13.8 NE 


16.8 


13 


loamy-skeletal 


NE 


12.5 


NE NE 


NC 


NC 


Leptic, loamy-skeletal 


18.9 


5.3 


NE NE 


12.1 


56 


Leptic, fine-loamy 


NE 


NE 


13.8 NE 


NC 


NC 


Sum per 100 m^ 


99.5 


111.5 


254.5 124.8 


147.8 


42 


excluding site C 








111.9 


9 


NE: no occurrence; NC: not calculated. 










Table 4.3.12. Total nitrogen stock (Nt i 


in g per 100 m^) in the soil solum (range 7 to 50 


cm) of the investigated sites, the mean overall sites and soil units, and the percentage of 


standard deviation (a%). 












Soil Unit 




• Site 


Mean 


c% 


(WRB-FAO, 1998) 


A 


B 


C D ' 


Over all 




H. or T. Leptic Cryosol 


5594 


8478 


2777 3928 


5194 


41 


loamy-skeletal 


2214 


2527 


2777 3928 


2862 


23 


sandy-skeletal 


3380 


5951 


NE NE 


4651 


27 


Spodic Cryosol 


471 


NE 


14592 9970 


8344 


70 


Leptic, sandy-skeletal 


NE 


NE 


14592 NE 


NC 


NC 


Haplic, loamy-skeletal 


NE 


NE 


NE 9970 


NC 


NC 


Leptic, sandy 


471 


NE 


NE NE 


NC 


NC 


Gleyic Turbic Cryosol 


1320 


2911 


897 NE 


1709 


51 


loamy-skeletal 


NE 


2543 


NE NE 


NC 


NC 


Leptic, loamy-skeletal 


1320 


368 


NE NE 


844 


56 


Leptic, fine-loamy 


NE 


NE 


897 NE 


NC 


NC 


Sum per 100 m^ 


7385 


11389 


18266 13898 


12735 


31 


excluding site C 








10890 


25 



NE: no occurrence; NC: not calculated. 



However, widespread podzolization and/or, as Beyer (2000) demonstrated, an 
extraordinary accumulation of organic matter greatly increases these stocks. The 
SOM-enriched Cryosols are transitional segments to the Gelic Histosols and, de- 
spite the patchiness in the occurrence of the organic soils, they are probably of 
predominant geoecological significance with respect to carbon and nitrogen stor- 
age (Beyer, 2000). 
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Table 4.3.13 summarizes the results of carbon and nitrogen stock investiga- 
tions of a 10 m X 10 m square plot C. Recently the humic Leptic Cryosols repre- 
sent 13% of the soil geography but 23% of the carbon stock (Table 4.3.13). Be- 
tween the areas of humic mineral soils, patches of organic soils occurred, mostly 
too small for a normally scaled soil survey (Beyer et al., 2000). A rough calcula- 
tion substituting 1% of a humic mineral soil with an organic soil (due to the oc- 
currence of Gelic Histosol) yields between 5 and 6% greater carbon and nitrogen 
stock (Table 4.3.13). This has a direct impact on colonization with microbes and 
retention of nutrients and moisture (Beyer, 2000). 

Table 4.3.14 summarizes the data for carbon and nitrogen stock of the four 
sites in order to show the significance of single soil units as carbon and nitrogen 
sinks. The Spodic Cryosols are probably an important soil for carbon and nitro- 
gen storage in the Casey area. For example, the sandy Spodic Cryosols covered 
only 13% of the area, but the C and N storage was about 30%. This is because 
these soils had a high carbon and nitrogen content at a depth of 30 to 40 cm 
(Beyer et al., 1997a; Blume et al., 1997). 

In addition, the loamy Spodic Cryosols, which are not leptic, store a huge 
amount of nitrogen (Table 4.3.3), because these soils are mostly relic ornitho- 
genic soils with a great influence of penguin guano (Beyer et al., 1997a), which is 
rich in nitrogen (Croxall, 1987). These soils showed the lowest C/N ratio of all 
soils in the landscape. 

The next important soil unit is the Leptic or Haplic Cryosols, which cover 
about 33% of the area and contributed 49% of the carbon but only 42% of the ni- 
trogen. The source of this organic matter is not known (Blume et al., 1997). We 
think such high amounts cannot derive only from the recent and often scarce 
vegetative cover and might be leftovers from a microbial activity and transloca- 
tion into the subsoil (Melick and Seppelt, 1992; Melick et al., 1994b; Bolter, 
1993). 

Table 4.3.13. Recent carbon and nitrogen storage (kg) in a 10 m x 10 m square plot and 
its calculated increase with the occurrence of Gelic Histosols instead of humic mineral 
soils (adapted from Beyer, 2000; slightly modified). 

Code Soil Type Area^ Area Total Total nitrogen 



organic carbon 







% 


% 


g/m^ 




% 


gW 


kf 


% 


C4 


Gleyic T. Leptic Cryosol 


7.8 


11 


1775 


14 


5 


115 


0.9 


5 


Cll 


Spodic Leptic Cryosol 


51.2 


72 


3544 


181 


71 


285 


14.6 


80 


C3 


Haplic Leptic Cryosol 


3.3 


5 


296 


1 


<1 


21 


<0.1 


<1 


C5 


Humic H. Leptic Cryosol 


9.5 


13 


6126 


58 


23 


285 


2.7 


15 




-1% 




+1"^ 


30000^ 


82 


29 


1900 


4.3 


22 




-2% 




+2^ 


30000^ 


106 


35 


1900 


5.9 


28 




-3% 




+3^ 


30000^ 


130 


40 


1900 


7.5 


33 



^Remainder to 100% is bare rock. 
®Per 100 ml 

^Increase: % of Gelic Histosols. 
T.: Turbic; H.: Haplic. 
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Table 4.3.14. Significance of mineral Cryosols in TOC and Nt storage (evaluated from 
4x100 m^ plots) in the coastal area of eastern Antarctica near Casey Station (Wilkes 
Land). 



Soil Unit 


Area 


TOC- 


— 


Nr 




TOC/Nt 


(WRB-FAO, 1998) 




kg 


% 


kg 


% 




H. or T. Leptic Cryosol 


33 


287 


49 


21.5 


42 


13.3 


loamy-skeletal 


24 


198 


34 


12.2 


24 


16.2 


sandy-skeletal 


9 


89 


15 


9.3 


18 


9.6 


Spodic Cryosol 


21 


252 


43 


25.1 


48 


10.0 


Leptic, sandy-skeletal 


13 


181 


31 


14.6 


28 


12.4 


Haplic, loamy-skeletal 


7 


59 


10 


10.0 


19 


5.9 


Leptic, sandy 


<1 


12 


2 


0.5 


1 


24.0 


Gleyic Turbic Cryosol 


7 


51 


8 


5.1 


10 


10.0 


loamy-skeletal 


4 


13 


2 


2.5 


5 


5.2 


Leptic, loamy-skeletal 


1.4 


24 


4 


1.7 


3 


14.1 


Leptic, fine-loamy 

At^ . _ 


2 


14 


2 


0.9 


2 


15.6 



^Percentage of the covered area, excluding bare rock. 



The parent material of the local Gleyic Turbic Cryosols was mainly of loamy 
texture. These soils are still active in cryoturbation and the permanent movement 
of the soil material obviously inhibits plant colonization (Washburn, 1980). In 
addition, the aquic conditions suggest a temporary lack of oxygen during the 
unfrozen season (Beyer et al., 2000). This might affect a plant succession nega- 
tively. 

In summary, the Gleyic Turbic Cryosols cover only small dots in the coastal 
Antarctic Casey area and were of minor importance with respect to carbon and 
nitrogen storage. 



6. Conclusions 

Antarctic Gelic Histosols and most Cryosols have high C and N concentrations. 
The accumulation of organic matter in soils of the coastal Antarctic is similar to 
that of comparable Arctic regions (Batjes, 1995; Jacobsen, 1997). The ice-free ar- 
eas of coastal eastern Antarctica show a tremendous humus accumulation. The 
source and ecological function of this organic matter is not known, and unravel- 
ing this puzzle should be a future research task. 

The very narrow C-to-N ratios indicate a higher accumulation of nitrogen than 
in the northern polar regions (Beyer et al., 1995; Beyer et al., 1997a, 1997b). 
This suggests a potentially high availability of organic matter. The humus is 
probably preserved only because of recent cold conditions (Rosswall and Heal, 
1975; Smith, 1990), but this might change with global climate changes 
(Adamson and Adamson, 1992; Selkirk, 1992). 
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The small-distance variation of the topographical, geomorphological, geologi- 
cal, and pedogenic patterns induces a great variation in C and N concentration 
and storage. This complicates calculation of soil total C and N storage. However, 
the survey at a landscape level suggests that the carbon and nitrogen stock is very 
similar at 75% of the landscape sites, but widespread podzolization and/or ex- 
traordinary accumulation of organic matter greatly increases these stocks. A 
proper soil survey would improve storage estimates and thus help with modeling 
levels of carbon and nitrogen release with rising temperatures (Lai et al., 1995; 
Scharpenseel et al., 1990) and/or anthropogenic disturbances (e.g. Adamson and 
Seppelt, 1990; Vanhala et al., 1996; Tarnocai, 1997; Zamolodchikov et al., 
1997). 
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1. Introduction 

Despite the live-hostile climate in the Antarctic, soil formation processes, due to 
the accumulation of organic matter, are evident (Beyer et al., 1999). In the mari- 
time Antarctic climate region, organic soils, mainly formed by debris of mosses 
and algae, are widespread (Campbell and Claridge, 1987) and mineral soils also 
contain huge amounts of soil organic matter (SOM) (Blume et al., 1996). In con- 
trast, in the coastal regions of eastern Antarctica, only local patches of Gelic His- 
tosois are associated with Leptic, Haplic, and Spodic Cryosois (Beyer et al., 
1999). 

In every case, only scarce information is available on SOM in Antarctic terres- 
trial ecosystems. Usually, analyses of SOM in Antarctica mostly are confined to 
loss-on-ignition (LOI) and the determination of organic carbon and nitrogen 
(Campbell and Claridge, 1987). Only a few reports are available about the con- 
tents of dissolved organic matter (Tearle, 1987; Bolter 1990; Melick and Seppelt 
1992; 1994; Roser et al. 1992a, b; 1994). Wilson et al. (1986) and Wilson (1990) 
investigated Antarctic mosses and soil humic acids with carbon- 13 NMR spec- 
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troscopy. However, soil ecological and biological approaches require more spe- 
cific information on SOM in order to quantify its geo-ecological impact on plant 
adaptation (Broady and Weinstein, 1998; Seppelt and Broady, 1988), microbial 
colonization (Bolter et al., 1994), and soil and/or environmental fragility (Chen 
and Blume, 1998; Campbell et al., 1998). 

To reach a better understanding of soil formation processes in Antarctica, we 
investigated SOM of two Gelic Histosols (permafrost-affected organic soils) and 
three Cryosols (permafrost-affected mineral soils) in the coastal region of eastern 
Antarctica near Casey Station (Wilkes Land). We used an integrated approach to 
characterize SOM composition and transformation: wet-chemical analyses, 
CPMAS carbon- 1 3 NMR spectroscopy, and modem pyrolysis tools (Py-FIMS and 
Py-GC/MS). We compared the results to well described soil formation processes 
under temperate climate conditions. 



2. Sites and Soils 

The sites and soils are south of the Australian Casey Station on Bailey Peninsula 
(Latitude 66°18'S, Longitude 110°32'E) at Wilkes Land in coastal eastern Antarc- 
tica, about 700 m from the shore. The mineral parent materials of the Cryosols are 
weathered gneiss and schist, moraine deposits, outwash sediments (Paul et al., 
1995), and marine deposits from seabirds (Campbell and Claridge, 1987). The 
coastal landscape was partly deglaciated between 5,000 and 6,000 years B.P. 
(Goodwin, 1993) and terraces elevated then. 

Annual precipitation (180 mm) is mostly snow. Because of strong drift due to 
persistent high winds (Pickard, 1986), the real input of water in soil is very het- 
erogeneous (Beyer et al., 2000a). The mean annual temperature is -9.3°C. From 
November to Febmary, sunshine lasts for 5 to 7 h/d. During the Antarctic summer 
of nearly six weeks, temperatures are above freezing (mean in January, +0.2°C) 
and plant communities of mosses (Bryum algens, Ceratodon purpurea, Schis- 
tidium antarcticum), lichens (Usnea sphacelata, Pseudephebe minuscula, Umbili- 
caria decussata), and soil algae can establish and grow very slowly (Seppelt and 
Broady, 1988). 

Soil sampling occurred in January 1991 (organic soils) and February 1996 
(mineral soils). The soils were classified according to the World Reference Base of 
Soil Resources (WRB-FAO, 1998) and, for comparison, US Soil Taxonomy (Soil 
Survey Staff, 1998). 

The most common organic soil in the Casey area is the (Terric) Leptic Gelic 
Histosol (US: Lithic Hemistel) (Beyer et al., 2000b). The sampled soil example 
was at the end of a slope in a small, moist depression. The top layer (LH) con- 
sisted of dead mosses {Ceratodon purpurea), colonized by the lichen Usnea ant- 
arctica. In deeper layers, the mosses were more humified and more brownish to 
black (Table 4.4.1). However, plant fibers were still visible among the sapric or- 
ganic materials (Table 4.4.1, Post et al., 1988). 
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The second investigated organic soil was a Fibric Leptic Gelic Histosol (US: 
Lithic Fibristel) at the edge of a meltwater lake. This soil occurred only locally at 
small spots near the liquid surface water (Blume et al., 1997), and the complete 
soils consisted of dead algal materials {Phormidium sp.). The peat was not de- 
composed or only weakly so and was greenish to gray (Table 4.4.1). Most of the 
time, water or ice covers this soil. During the recent summer, the first 10 to 20 cm 
were above the water level. Under such conditions, the redox potential was lower 
than that of the drier Terric Leptic Gelic Histosol (Table 4.4.1). 

All three Cryosols (mineral soils) had an extremely high content of coarse ma- 
terials (380 to 900 g/kg; Beyer et al., 2000b). The fine material was sand to sandy 
loam. The Spodic Leptic Cryosol with the code Cll (US: Sandy-skeletal Lithic 
Haplorthel) was in a small depression between single bare rock fragments under a 
moss and lichen carpet with 100% surface covering. The parent material is weath- 
ered gneiss bare rock. 

The Spodic Cryosol with the code WP5 (US: Sandy-skeletal Typic Haplorthel) 
was at the edge of a relic and dried melt water under a thick cushion of mosses. 
The parent materials are glacial outwash sands and gravels. 

The Spodic Cryosol with the code D3 (US: Loamy- skeletal Typic Haplorthel) 
was at an upper hill slope under a thick gravel pavement, which is typical for relic 
penguin rookery sites. At this site was no vegetation. 

All investigated Cryosols are typical shallow Podzols. They represent 20 to 
30% of the mineral soils in the Casey area (Beyer and Bolter, 2000). 



3. Methods 



3.1. Field measurements 

We estimated the degree of humification according to the Post method, by squeez- 
ing the moist soil sample between the fingers (Post et al., 1988; Schlichting et al., 
1995). Degree 1 indicates no humification (pure fibric materials), and degree 10 
means complete humification (totally sapric). We measured the redox potentials 
(E/j) with platinum electrodes (Pfisterer and Gribbohm, 1989) after 6 to 12 h in- 
stallation in the field (Schlichting et al., 1995). 
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Table 4.4.1. Selected properties of peaty horizons in Gelic Histosols in eastern Antarctica. 



WRB'^ 


us® 


Depth 


Color 


Post 


Moisture 


EC2.5 


Eh? 


pH 






cm 


(Munsell) 


degree^ 


content® 


mS 


mV 


CaCE 


Terric Leptic Gelic Histosol (US: Lithic Hemistel) from mosses 






LH 


Oi 


0-3 


ND 


1-2 


dry 


0.72 


ND 


4.8 


HI 


Oe 


-8 


5YR2.5/1.5 


3-5 


dry 


0.61 


530 


3.9 


H2 


Oal 


-16 


5YR2.5/1.5 


8-9 


moist 


0.20 


640 


3.8 


H3 


Oa2 


-28 


5YR2.5/1.5 


8-9 


moist 


0.13 


ND 


3.8 


R 


R 


>28 


bare rock 












Fibric Leptic Gelic Histosol (US: Lithic Fibristel) from algae 








HI 


Oi 


0-1 


5GY5/1 


1-2 


very wet 


1.8 


620 


4.8 


H2 


Oel 


-8 


5GY5/1 


1-2 


very wet 


4.9 


250 


4.8 


H3 


Oe2 


-18 


5GY5/1 


1-3 


very wet 


0.65 


260 


4.8 


R 


R 


>18 


bare rock 













"^Taxonomy according to the World Reference Base for Soil Resources (WRB-FAO, 1998). 
^According to US Soil Taxonomy (Soil Survey Staff, 1998). 

^Degree of humification (Schlichting et al., 1995): 1 means not humified (fibric), 10 means 
completely humified (sapric). 

^Moisture status estimated in the field. 

^Actual lake water level 15 to 20 cm below soil surface. 

EC2.5: electrical conductivity in 1:2.5 water extract; Ehv'. redox potential measured in the 
field and converted on pH7 level (Schlichting et al., 1995). 



3.2. General and wet chemistry . 

Most soil property determinations were carried out in accordance with Schlichting 
et al. (1995) on air-dried soil samples. The pH value was measured in 10 mM 
CaCl 2 with a commercial glass electrode, and electrical conductivity (EC), in a 
1 :2.5 water extract. Loss-on-ignition (LOI) was determined gravimetrically after 
combustion at 650°C in a furnace. Total organic carbon (TOC) was calculated af- 
ter dry combustion in a Coulomat 702 (Strohlein Instruments, Germany). 

The samples were heated (600°C) in an induction furnace under oxygen; CO 2 
was trapped in Ba(OH )2 and the remaining Ba(OH )2 was neutralized by titration. 
Total nitrogen (Nt) was digested by the classical Kjeldahl method and determined 
as nitrate in a flow injection analyzer (Jones, 1991). Pedogenic iron oxides were 
determined after extraction with dithionate-citrate (Fcd) and oxalate (Feo). The or- 
ganic bonded iron was determined in the alkaline NaOH extract (Fcorg). 

The extinction of the oxalate extract was measured at 472 nm (optical density 
of oxalate extract = ODOE) in accordance with Daly (1982). The potential cation 
exchange capacity (CECp) was calculated by summarizing the single capacities of 
Na, K, Mg, Ca, H, and Al, in accordance with Schlichting et al. (1995). The per- 
centage of Na, K, Mg, and Ca from CECp was defined as base saturation (BS). 

The immobile P fraction (Pc) was determined to indicate the penguin impact 
and was extracted with 2 % citric acid (modified, original 1 %), in accordance with 
Dyer (1894). Methoxyl-C (OCH 3 -C) was determined in accordance with the Zeisl- 
Pregl method (Hauptmann, 1992). The OCH 3 -C in soils was demethylized into 
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methyl iodide by boiling each sample with hydroiodic acid. Methyl iodide was 
hydrolized into methanol and silver iodide, which was determined gravimetrically. 

Lignin was estimated as 7 x OCH3 content. The a-NH2-N was determined after 
extraction with 10 MHCl and 1 M formic acid (10:1), in accordance with Steven- 
son and Cheng (1970), by using the ninhydrin reaction (triketo-hydrindine hy- 
drate). 

Nitrate-N (NOs’-N) and Ammonium-N (NH 4 ^-N) were extracted with 10 m M 
CaCL, in accordance with Schlichting et al. (1995). Concentrations of the inor- 
ganic N fractions in the extracts were determined by flow injection analysis 
(Jones, 1991), using a Tecator flow injection analyzer (Perstorp Analytical, Ger- 
many). The organic, non-a-NH 2 nitrogen (Norg) was calculated as Nt- (a-NH 2 -N + 
inorganic N fractions). 



3.3. CPMAS 

The CPMAS carbon- 13 NMR spectra were recorded from milled bulk soil sam- 
ples (<200 pm). {CPMAS is cross polarization magic angle spinning [special 
NMR technique]. NMR is nuclear magnetic resonance.). (The spectra were ob- 
tained at 2.3 Tesla (25.2 MHz) in a Bruker MSL 100 spectrometer equipped with 
a commercial 7 mm CPMAS probe at a rotation frequency of 4 kHz. A contact 
time of 1 ms was used. Due to short Tin in SOM (Frtind and Lixdemann, 1989), 
we chose a recycle delay of 0.3 s. We report the ^^C chemical shifts here relative 
to tetramethylsilane (TMS = 0 ppm). 

We subdivided and integrated the spectra into these ranges for carbon species 
in SOM: 0 to 46 ppm (alkyl-C), 46 to 60 ppm (methoxyl-C), 60 to 80 ppm (hy- 
droxyl-C), 80 to 110 ppm (acetal-C), 1 10 to 140 ppm (aromat-C), 140 to 160 ppm 
(phenol-C), and 160 to 210 ppm (carboxyl-C) (compare Wilson, 1987). Under 
these experimental conditions, one can quantitatively relate the relative signal area 
to the C concentration (Frtind and Ltidemann, 1989). 



3.4. Py-FIMS 

The Py-FIMS mass spectra were recorded using a double-focusing Finnigan MAT 
731 mass spectrometer. {Py-FIMS is pyrolysis field-ionization mass spectrome- 
try.) The heatable or coolable direct introduction system with an electronic 
temperature-programming was used (IGT, Much, Germany), adjusted at the +8kV 
potential of the ion source. 

The sample weights were increased with decreasing TOC concentrations to 
produce strong, approximately equal total ion intensities (TII). Thus, the sample 
weights ranged from about 0.5 to 1.3 mg air-dry, milled soil (<200 pm). 

To determine the percentage of volatilized matter, all samples were weighed 
before and after each Py-FIMS analysis (error ±0.01 mg). The samples were 
heated in high vacuum from 50 to 650°C at a heating rate of approximately 
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O.S'^C/s. About 60 magnetic scans were recorded for the mass range 16 to 1000 
Dalton during the heating. These single spectra were integrated by the Finnigan 
MAT SS200 data system, resulting in a summed spectrum for each measurement. 

Three laboratory replicates were carried out for every sample. The obtained 
summed spectra were averaged to one survey spectrum. The TII of the replicated 
measurements were normalized to 1 mg sample, averaged and plotted versus the 
pyrolysis temperature, resulting in thermograms. Schulten (1987, 1993) has pub- 
lished detailed descriptions of Py-FIMS for analyses of terrestrial and aquatic hu- 
mic fractions and whole soils. We tentatively assigned selected nominal masses to 
selected classes of biomarkers: carbohydrates, amino acids and peptides, N- 
heterocycles, alkylaromatics, lipids, free n-C\e to n-C^^ fatty acids, and sterols. 



3.5. Py-GC/MS 

Subsamples with a mass of 25 mg were placed in quartz tubes (2 cm x 2mm ID) 
and quantified with a Mettler Microbalance. The samples were held in place by a 
plug of quartz wool at each end of the tube. Py-GC/MS was conducted on each 
sample and used to identify as many compounds as possible. {Py-GC/MS is pyro- 
lysis gas chromatography/mass spectrometry.) 

Py-GC/MS was conducted with a CDS Model 1000 pyrolyzer and a Model 
1500 GC interface. The interface temperature was set at 280°C. During pyrolysis, 
the sample was heated from 280°C to 700°C in 0.1 s and held at 700°C for 9.9 s. 
The pyrolysis reactor was mounted on a GC, HP 5890 Series II with a Hewlett 
Packard HP-1 column (Cross-linked methyl-siloxane) 25m x 0.2m x 0.33 pm film 
thickness. The GC temperature program was 35°C for 15 min., 2°C/min ramp to 
250°C, and hold for 10 min. The GC was plumbed directly to an HP 5971 A Series 
Mass Selective Detector in electron impact mode. 

The MS scanned mass units were 45 to 650. All mass spectra were compared to 
the Wiley 138 mass spectral library. Helium was the carrier gas at 0.5 cc/min. The 
sample was injected with a split ratio of 1 :50. 

For each sample, the mass spectral signals for all compounds were normalized 
to the compound in the greatest abundance. This study considered only those 
compounds with a normalized intensity of >20%. 

Each compound was assigned with a probable parent (compare Table 4.4.8). 
The parent is a soil biopolymer that was present in the sample before pyrolysis. 
The soil biopolymer classifications we used were protein, phenol precursors, car- 
bohydrates, aromatic hydrocarbon precursors (AHP), lipids, and amino carbohy- 
drates (Bracewell et al., 1989). We classified all long-chain hydrocarbons, alco- 
hols, aldehyds, and ketones as having lipid parents and considered any compound 
with no assignment to a probable parent unresolved. The relative intensities for all 
soil biopolymers in each samples were added. We present each soil biopolymer 
class as a percentage of the total of the assigned compounds. 
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4. Composition of Soii Organic Matter 



4.1 . Gelic Histosols 

Table 4.4.1 presents some selected properties of the investigated Leptic Gelic His- 
tosols, with the site and soil descriptions and some other parameters. Table 4.4.2 
summarizes some SOM properties of the organic soils. Total organic carbon 
(TOC) concentrations and losses on ignition, as criterion for SOM content, de- 
creased with increasing profile depth. However, TOC increasingly was enriched 
in the SOM of deeper horizons, as an increase in the TOC/SOM ratio indicates. 
The OCHs-concentrations as indicator for lignins (Beyer et al., 1993) were very 
low over the whole soil profile, in comparison to Histosols under temperate cli- 
mate conditions (Beyer et al., 1992). 

In the Terric Gelic Histosol, between 3 and 16 cm, the total nitrogen (Nt) con- 
centrations were higher, as in the top and lowest horizons. The higher Nt concen- 
trations in these horizons were due to higher proportions of the organic non-a- 
NH 2 nitrogen (Nhc-N). The a-NH 2 -N concentrations continuously decreased with 
increasing soil depth. In the whole profile, soluble, inorganic NO3 -N and NH4^-N 
fractions were of minor importance. 

In the Fibric Gelic Histosol, the TOC concentrations decreased with increasing 
profile depth, as found for the Terri-Gelic Histosol (Table 4.4.2). In addition, the 
OCH 3 -C concentrations were very low in the whole profile. The Nt concentrations 
decreased in deeper soil horizons. The nitrogen was mainly a-NH 2 -N. Other N 
compounds were of minor importance. The higher NH/ concentrations, in com- 
parison to those of the Terric Gelic Histosol, correspond to the low redox poten- 
tials restricting nitrification (Beyer et al., 1990). 

In the Terric Gelic Histosol, peaks dominated the carbon- 13 NMR spectra of 
all soil horizons (Figure 4.4.1) at 73.6 ppm (glucose units) and 173 ppm (carbox- 
ylic C units), respectively. The shoulder at 55 ppm arose from methoxyl or amino 
carbon. Since 29 to 57% of Nt in the soil horizons is a-NH 2 -N and the concentra- 
tion of OCH3-C is very low (Table 4.4.2), the shoulders at 55 ppm derived proba- 
bly from amino carbon. 

Table 4.4.3 shows the integrated areas below the carbon- 13 NMR spectra. In 
all soil horizons, methoxyl, aromatic, and phenolic structures were of lesser im- 
portance than acetal, hydroxyl, and alkylic structures. Carboxylic carbon com- 
pounds increased, especially in the HI and H2 horizons. Likewise, alkylic carbon 
increased with soil depth, whereas 0 -alkylic carbon (glucose units) decreased. 
This indicated a decomposition of carbohydrates from the moss debris and an en- 
richment of carboxylic and alkylic carbon during soil-forming in the Antarctic 
Terric Gelic Histosol. 
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Table 4.4.2. Selected SOM properties of peaty horizons in Gelic Histosols in eastern Ant- 
arctica. 



Hor. TOC 


Nt 


TOC 


LOI 


TOC 


OCH3 


a-NH2-N 


NO3-N 


NH/-N 


Norg 








Nt 




LOI 


Mg/g 


mg^ 




— ng/g 




mg^ 


%® 


Terric Leptic Gelic Histosol (US: Lithic Hemistel) from mosses 












LH 287 


15.4 


19 


553 


0.52 


1.48 


8.7 


57 


4.5 


79 


6.7 


43 


HI 195 


21.8 


9 


378 


0.52 


0.63 


8.0 


47 


105.3 


67 


13.9 


53 


H2 188 


20.7 


9 


318 


0.59 


0.86 


5.9 


29 


31.2 


28 


14.7 


71 


H3 159 


13.1 


12 


259 


0.61 


1.09 


5.0 


38 


7.3 


32 


8.0 


62 


Fibric Leptic Gelic Histosol (US: Lithic Fibristel) from algae 

HI 266 13.2 20 729 0.37 1.00 11.1 


85 


3.4 


167 


2.0 


15 


H2 264 


10.2 


26 


550 


0.48 


1.36 


11.0 


100 


1.2 


201 


tr. 


«1 


H3 164 


9.0 


18 


329 


0.50 


0.65 


7.7 


86 


0.9 


132 


1.3 


14 



^ mg/g soil. 

® in % of Nt. 

Norg: Nt- (a-NH 2 -N + NOs^N + NH/-N); tr.: traces. 



Of special interest was the detection of aromatic carbon, although mosses as 
plant precursors for SOM do not contain lignins (Hurst and Burges, 1967). The 
carbon- 13 NMR spectra of the horizons from the Fibric Gelic Histosol (Figure 
4.4.1) were similar to those of the Terric Gelic Histosol (Figure 4.4.2). However, 
the aromatic and alkylic peaks were less intensive. The peak at 21 ppm derived 
from the methyl group of carbohydrates, and the peak at 3 1 ppm was typical for 
alkyl-CH 2 units (Breitmaier and Voelter, 1990). The profile of the Fibric Gelic 
Histosol showed no depth functions of characteristic carbon- 13 NMR subunits 
(Table 4.4.3). 

For the Terric Leptic Gelic Histosol, which is the most representative organic 
soil of the Casey sites (Beyer, 2000), the Py-FIMS approach detected some more 
detailed information on the molecular-chemical composition of SOM. Figure 
4.4.3a-d shows the spectra. Decreasing percentages of volatilized matter and total 
ion intensities reflect decreasing TOC concentrations in deeper soil horizons. 

According to the thermograms (Figures 4.4.3a-d, upper right), the organic mat- 
ter accumulated in the soil horizons was in each case pyrolyzed over a wide tem- 
perature range, reaching two marima around 300°C and 500°C, respectively. The 
temperature-resolved evaluation of mass spectra gave, for all horizons above 
350°C, a signal pattern similar to that of humified plant materials. The mass dis- 
tribution and intensities resemble the results obtained by Py-FIMS of peat. 

In addition, with increasing pyrolysis temperature, thermally induced changes 
in the structure of the pyrolyzed organic matter have to be considered. Therefore, 
in Figures 4.4.4a-d, only the summed Py-FI survey mass spectra for the tempera- 
ture range between I00°C and 350°C appear. For all soil horizons, they are 
qualitatively similar and point to slight decomposition and transformation of 
organic matter within the soil profile. 
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73.6 




200 150 100 50 0 ppm 



Figure 4.4.1. CPMAS carbon- 13 NMR spectra of horizons of a Terric Leptic Gelic Histo- 
sol in eastern Antarctica, formed by mosses (Oi = LH, Oe = HI, Oal = H2, Oa2 = H3). 



Table 4.4.3. Carbon- 13 NMR-experiment subunits in peaty horizons in Gelic Histosols in 
eastern Antarctica. 

hori- alkylic C methoxyl hydroxyl acetal C aromatic phenolic C carboxylic 
zon 0j;46 C^O C^;^0 80-110 C 110 -140 140-160 C 160-210^^ 

Terric Leptic Gelic Histosol (US: Lithic Hemistel) from mosses 



LH 


23.1 


8.1 


23.9 


20.0 


8.6 


4.7 


10.6 


HI 


29.6 


8.6 


19.2 


17.5 


8.0 


4.4 


12.6 


H2 


34.9 


8.1 


16.3 


14.3 


7.4 


5.0 


14.1 


H3 


36.4 


8.5 


16.9 


14.8 


7.2 


5.1 


11.0 



Fibric Leptic Gelic Histosol (US: Lithic Fibristel) from algae 



HI 


19.6 


8.7 


32.3 


22.8 


6.0 


H2 


20.2 


8.8 


34.3 


21.9 


5.1 


h3 


22.6 


9.0 


32.3 


20.3 


5.2 



2.3 

2.1 

2.2 



8.4 

7.6 

8.4 
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73 




Figure 4.4.2. CPMAS carbon- 13 NMR spectra of horizons of a Fibric Leptic Gelic Histo- 
sol in eastern Antarctica, formed by algae. 

Signals at 84, 96, 98, 110, 112, 126, and 144 m/z were typical pyrolysis prod- 
ucts of carbohydrates. N-containing compounds were discernible as amino ac- 
ids/peptides (57, 70, 73, 74, 75, 84, 87, 91, 97, 99, 115, 120, 129, and 135 m/z) 
and heterocyclic N-containing pyrolysis products (67, 109, 111, 137 m/z). In con- 
trast to higher developed plants, mosses do not contain lignins (Hurst and Burges, 
1967). 

In agreement with this observation, the signals in the characteristic mass range 
for lignin subunits between 94 and 356 m/z unusually compared to Py-FIMS spec- 
tra of forest and agricultural soils formed under temperate climatic conditions 
(Schulten, 1993). However, this mass range was not depleted. This refers to alky- 
laromatics, e.g., methyl- to docosyl-benzenes (starting with 92 m/z), methyl- to 
pentamethyl-naphthalenes (starting with 142 m/z), and methyl- to tetramethyl- 
phenanthrenes (starting with 192 m/z). 

Recently, these alkylaromatics have been assigned to significant structural 
building blocks of humic substances (Schulten et al., 1991; Schulten and 
Schnitzer, 1993). Homologous series of «-Cio to n-C 2 o alkyl diesters (starting with 
202 m/z), n-C\e to ^-€34 fatty acids (starting with 256 m/z), and «-C 2 o to n-C^o al- 
kenes and alkanes (starting at 280 and 282 m/z, respectively) indicated lipids. 

Some relatively intensive signals overlapped these homologous series. These 
signals at 394, 396, 410, 412, and 414 m/z referred to sterols already observed in 
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Py-FI mass spectra of various plant materials (Schnitzer et al., 1990; Hempfling 
and Schulten, 1991). In addition, n-C^^ to «-C 46 alkyl-mononesters (648, 662, 676 
m/z) reflected lipid-derived structures. 

In the temperature range from 100°C to 350°C, between 43% and 56% of the 
Tll/mg sample could be assigned to seven significant biomarkers of SOM: carbo- 
hydrates, amino acids, peptides, N-containing pyrolysis products, alkylaromatics, 
lipids supplemented by free w-Ci 6 to ^-€34 fatty acids and steroles (Schnitzer and 
Schulten, 1992; Sorge et al., 1993). With increasing profile depth, the absolute ion 
intensities per mg soil of carbohydrates, alkylaromatics, and lipids, inclusive of 
free fatty acids and sterols, decreased. In the same trend, the absolute intensity of 
signals of amino acids, peptides, and heterocyclic N-containing pyrolysis products 
decreased. 

The summed relative ion intensity (in %TII/mg soil) of each biomarker illus- 
trates its contribution to the composition of organic matter (Figure 4.4.4). Carbo- 
hydrates and lipids dominate the molecular-chemical composition of SOM in all 
soil horizons. Proportions of carbohydrates and alkylaromatics changed only in- 
significantly with profile depth. The proportion of amino acids peptides signals on 
the Tll/mg soil slightly increased with profile depth, whereas that of heterocyclic 
N-containing pyrolysis products is nearly constant. Lipids increased in HI and H2 
horizons, compared to the top and lowest horizons. The separate recording of sig- 
nals for free fatty acids and sterols showed that the significant increase of lipids 
(alkanes, alkenes, «-alkyl ester, bound fatty acids) in the HI horizon can occur for 
free fatty acids and sterols. 



4.2. Cryosols 

All three Cryosols showed the horizon sequence of AE-Bh(Bhs,Bs)-C, with 
strong acidification and maximum values of aluminum (Beyer et al., 2000b) and 
iron fractions, optical density of the oxalate extract (ODOE), loss-on-ignition 
(LOI), and total organic carbon (TOC) and total nitrogen (Nt) in the spodic 
Bh/Bhs horizons (Table 4.4.4). This is characteristic of podzolic soils (Soil Survey 
Staff, 1998). According to McKeague et al. (1983), such characteristic depth func- 
tions of these parameters suggest a translocation of SOM into the subsoil. 

A high amount of phosphorus in soil D3 indicated the influence of guano input 
into the soils (Blume et al., 1997). The increase of P (Table 4.4.4, Pc) in the sub- 
soil of the Podzol from solid rock (no. Cll in Table 4.4.1) also might indicate 
guano input in earlier stages of soil formation. The C/N ratios in Antarctic Spodic 
Cryosols were much narrower, due to extremely high Nt contents, than their tem- 
perate counterparts. This was mostly striking in the Spodic Cryosol at an aban- 
doned penguin rookery (no. D3 in Table 4.4.3). 

Table 4.4.5 shows the SOM composition according to the carbon-13 NMR ex- 
periments. The increase of the summarized alkyl carbon and simultaneous de- 
crease of (9-alkyles compares with that observed in Podzols in temperate climate 
regimes (Post et al., 1988; Sorge et al., 1994; Beyer, 1996). 




relative abundance in % of total ion intensity 
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Figure 4.4.3. Summed and averaged Py-FIMS spectra for the temperature range 100°C - 
350°C of the LH-horizon (a), HI -horizon (b), H2-horizon (c), and H3-horizon (d) of a Fer- 
ric Leptic Gelic Histosol. The total ion intensities (XII) in the thermograms (upper right) 
were normalized in counts* 10^/mg per sample. 
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29 57 336 




Figure 4.4.4. Summed relative abundance (percentage of Til) biomarkers of SOM after Py- 
FIMS in horizons (Oi = Lh, Oe = HI, Oal = H2, Oa2 = H3) of a Terric Leptic Gelic Histo- 
sol. 

However, the high level of carboxyl carbon in all soil horizons is very uncom- 
mon. This might be the reason for the somewhat higher CECp in the soil at the 
abandoned penguin rookeries (Table 4.4.3). The abrupt change of the SOM com- 
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position between the Bhs, the IIBs, and the IIICw horizon of the Podzol on the 
penguin rookery (D3) is probably due to the layers of penguin droppings and de- 
posits from different materials. Beyer et al. (1997) suggest for the spodic horizons 
that, in contrast to those in Germany, the SOM had a high percentage of amino 
derivates from proteins, polysaccharides, urates, and chitin, resulting in a mean C- 
to-N ratio of 10 and a high content of carboxylic carbon units, which probably de- 
rived from amino and other organic acids. 

The podzolic soil from solid rock under mosses and lichens (Cll) showed an 
aromatic carbon pattern comparable to that of Podzols in temperate climate re- 
gions. However, the aromatic content in the AE was very high, and residual pres- 
ervation from the mosses cannot explained it. We do not know if there was an- 
other source of SOM in the area as relic organic matter or an input by eolian 
transport. An input by seabirds could be neglected, because the P contents were 
low (Table 4.4.4). 

The greatest similarity in SOM composition to that of Podzols from temperate 
climates was in the podzolic soil from outwash sediments under mosses (WP5). 
However, the comparison of both AE horizons under mosses (WP5 and Cll) con- 
firmed the assumption that, in the shallow Spodic Cryosol from gneiss and schist 
(Cll), another carbon source than recent vegetation was probable. Comparing the 
SOM composition of the soil horizons and selected organic parent materials, the 
correlation coefficient r (Table 4.4.6) suggests that, in soil WP5, the algal and 
mossy carbon sources influenced SOM to a great extent, whereas, in soil D3 and 
Cll, they did so much less. 

Table 4.4.7 shows the major ions we found in the Antarctic soil samples, using 
the Py-GC/MS technique. In general, no samples gave any indications of lignin. A 
variety of methylphenols were present, which indicate either protein or lignin. If 
the methylphenols were derived from lignin, however, there also should have 
been methoxylphenols (Hempfling and Schulten, 1990), which we did not ob- 
serve. This means that the phenols are mainly from proteins. 

The observed pattern variety of long-chain alcohols, acids, and ketones were 
not typical for soil (Hempfiing and Schulten, 1990; Schulten and Schnitzer, 
1992). Usually there are homologous series of alkanes and 7-alkenes (Schulten 
and Schnitzer, 1992; 1997), neither of which were present in any of the Antarctic 
samples. For that matter, there were a few homologous series of alkylated aromat- 
ics (alkylated benzenes, naphthalenes, etc.) which usually occur in soil (Schulten, 
1996a; 1996b). Most of the long chains in the Antarctic soils samples appeared to 
contain multiple oxygen- and nitrogen-containing functional groups, cyclic ion- 
ized and heterocyclic structures, and alkylations. However, the complex and easily 
ionized compounds and the low carbon content made mass spectral identification 
very difficult. 
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Table 4.43. Soil organic matter composition according to CPMAS carbon-13 spectroscopy of Spodic Cryosols in eastern Antarctica 
(signal range in ppm shift to the reference TMS). 

Horizon Alkylk cariwn 0-aikylk cariwn Aromatic carbon Carboxylic carbon 

0-25 -45 I 45-60 -90 110 I 110-140 -160 2 160-190 -220 £ 
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Table 4.4.6. Linear correlation coefficients (r) between NMR subunits of the SOM in Spo- 
dic Cryosols of eastern Antarctica and organic matter of mosses and algae (for data, see 
Table 4.4.5, n = 9). 


Soil 


Horizon 


r-ValuCaieae 


r-ValuCnjosses 


Cl 


AE 


0.488 


0.589 




Bh 


0.480 


0.610 


WP5 


AE 


0 931*** 


0.966*** 




Bh 


Q 9U*** 


0.950*** 




C 


0.800** 


0.856** 


D3 


AE 


0.789** 


0.807** 




Bh 


0.613 


0.730* 




Bhs 


0.356 


0.500 




IIBs 


0.498 


0.624 




IIICw 


0.041 


0.149 



*p< 0.05. 
**P<0.01. 
***j!7< 0.001. 



In all three Cryosols, the signal pattern was more detailed in the AE and Bh ho- 
rizons than in the deeper layers, which indicated the direct influence of local vege- 
tation or microbial colonization (Figures 4.4.5, 4.4.6, 4.4.7), as was found with the 
NMR data (see above). In soil Cl 1 from weathered gneiss rock under mosses and 
lichens, only the albic AE and spodic Bh horizon contained smaller molecules, 
such as phenols and single ring aromatics (Figure 4.4.5, peaks no. 28, 37), 
whereas, in the deeper parental BsC and IIC horizons, long chain acids, alcohols, 
and ketones were present (Figure 4.4.5, peak no. 87, 93, 101). Only in the AE and 
the Bh did we find protein precursors (e. g., peak no. 9, 75), which was in line 
with a higher occurrence of bacterial microorganisms (Table 4.4.4). However, at 
the same time, the high peak no. 109 suggests the significance of unresolved com- 
pounds, which might have some aromatic structure, as both peak 79 (Figure 4.4.5, 
Table 4.4.7) and the NMR data suggest (Table 4.4.6). 

A similar pattern appeared in soil WP5 from glacial outwash sediments under 
mosses, with respect to protein (Figure 4.4.6). Protein peaks were present only in 
the bleached albic AE and the dark-colored spodic Bh horizon, whereas lipids 
were in all horizons. Especially in the spodic horizon (Bh), the protein peak no. 9 
was extraordinarily high. Peak no. 36 in the Bh and peak no. 88.4 in the C mate- 
rial indicated the predominance of amino carbohydrates and carbohydrates in this 
soil. The occurrence of the latter agrees with the extinct dominance of alkyl car- 
bon units, according to the NMR experiments (Table 4.4.6). 

Surprisingly, in soil D3 with nil vegetation at an abandoned penguin rookery, 
the uppermost AE horizon showed a similar pattern of the chromatogram as the 
two lower located ones (IIBs and IIICw), with the occurrence of long chain acids, 
alcohols, and ketones molecules. Phenols and single-ring aromatic carbon units 
dominated both spodic horizons of soil D3 (Bh and Bhs) (Figure 4.4.7). The high- 
est occurrence of peak no. 98 in the three deeper subsoil horizons suggest a pre- 
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dominance of carbohydrates compared to all other soil layers that this study inves- 
tigated. 

Table 4.4.8 shows the summarized semi-quantitative data as a percentage of the 
assigned signals. In the Spodic Cryosol (Cll) from weathered gneiss rock under 
mosses and lichens, the SOM of the albic AE and spodic Bh horizons held a large 
percentage of unresolved compounds but also contained some carbohydrates, pro- 
tein and/or phenol precursors, and aromatic hydrocarbon precursors (AHP). 

For all samples, most of the compounds composing the unresolved fraction ap- 
peared to be heterocyclic or cyclic molecules (Table 4.4.8). In addition, NMR 
suggests 20 to 30% aromatic carbon nature in soil Cl 1 (Table 4.4.6). These mole- 
cules probably derived from larger humic molecules. Unresolved compounds 
(BsC) and lipids (IIC) dominated the deeper horizons. 

The decrease of phenol precursors and AHP agree with the decrease of aro- 
matic carbon units within the NMR experiments (Table 4.4.6). The increase of al- 
kyl carbon from the AE to the Bh seen with NMR was not detectable in the lipid 
fraction of Py-GC/MS. This suggests that the unresolved fraction and/or the unde- 
tected part of SOM was more important. 

In the Spodic Cryosol (WP5) from glacial outwash sediments under mosses in 
all samples, lipids were abundant (Table 4.4.8). As observed in the Cryosol from 
solid rock (Cl 1) in soil WP5, the SOM pattern of the upper AE and Bh horizons 
was similar, consisting of protein, phenol precursors, carbohydrates, trace 
amounts of amino carbohydrates, and low amounts of unresolved compounds, 
whereas the SOM in the parental C horizon had abundances of higher amounts of 
unresolved carbon units, lipids, and, in contrast to the C horizon of the Podzol 
Cll, amino carbohydrates (Table 4.4.8). As observed in soil Cll, proteins oc- 
curred only in the two top soils, probably as a consequence of microbial coloniza- 
tion. The higher protein content correlates with the greater occurrence of algal 
colonization (Table 4.4.4), the main precursor of chlorophyll (Bolter, 1995; 1997). 

In the Spodic Cryosol (D3) with nil vegetation at an abandoned penguin rook- 
ery was a high abundance of amino carbohydrates, except in the IIBs layer. None 
of the other Cryosols contained nearly those high concentrations of amino carbo- 
hydrates. This might be due to some degraded products of uric acids (White and 
Beyer, unpublished). 

Uric acid itself might hide in the unresolved fraction, especially given hetero- 
cyclic moieties (Table 4.4.7, peaks 78, 79), which occurred in most of the hori- 
zons of soil D3 (Figure 4.4.7). This probably reflects the influence of the organic 
input from guano. In contrast to the other Cryosols, soil D3 has abundant miscel- 
laneous carbohydrates in all five horizons, without having the clear differentiation 
from the upper soil horizons and the subsoil, whereas it has abundant lipids only 
in three horizons (AE, Bh and IIBs). Proteins occurred in the upper soil layers, as 
in the other Cryosols. 
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Table 4.4.7. Major ions detected with Py-GC/MS in Spodic Cryosols in eastern Antarctica 
and their assignment to probable parent compounds. 


peak 


major ion 


most probable chemical compound 


no. 


(ion in highest abundance) 


(probable parent compound) 


9 


95,96 


dimethylpyrole: protein 


15 


50, 78, 103, m 105 


styrene: aromatic hydrocarbon 
precursors 


23 


51,61, 109, no 


furancarboxaldehyde : carbohydrate 


28 


66, 94, 95 


phenol: phenol precursors 


30 


40,41,47, 9i, 92 


toluene: aromatic hydrocarbon 
percursors 


31 


63, 69, 83, 84, 112 


fluorophenol: carbohydrate 


34 


43, 65,82, 107, 108, 137 


benzeneacetonitrile: amino 
carbohydrate 


35 


51,90, 97, 117 


2-methylphenol: phenol precursor 


36 


42, 53, 68, 69, 70, 96, 97, 98 


heptanol: carbohydrate 


37 


42,51,59, 77, 79, 90, 107, 108 


4-methylphenol: phenol precursor 


38 


42, 47, 55, 62, 97, 126 


carbohydrate: carbohydrate 


42 


42, 43, 53, 57, 58, 60, 69, 70, 85, 95, 
116 


polysaccharide: carbohydrate 


45 


42, 43, 51, 57, 60, )^, 71, 97, 98, 10 


unresolved 


46 


42, 59, 69,91, 131 


alkylbezene aromatic: hydrocarbon pre- 
cursors 


48 


45,51, 91, 111, 115 


unresolved 


50 


43, 44, 56, 57, 90, 117 


indole: protein 


56 


41,49, 59,65, 75, 114, 122 


unresolved 


60 


42,71,87, 98 


long chain 'arrangement': lipid 


65 


43, 54, 69, 116 


unresolved 


67 


42, 55, 60, 63,71,73, 78 


long chain carboxylic acid: lipid 


75 


53, 92,_^, 186 


alkylpyridine: protein 


77 


44,51,54, 60, 82, 96,97, 124 


long chain: lipid 


78 


41,50, 63,77, 78,91, 143,221,236 


heterocyclic: unresolved 


79 


42, 67, 77, 91, 115, 128, 205, 220 


alkylnaphthalene: unresolved 


82 


55, 70, 101, 115, 128, 203. 205 


long chain 'arrangement': lipid 


83 


42, 48, 52.91. 119 


phenylalkyl 'arrangement': unresolved 


85 


43, 205, 220 


unresolved 


87 


44,58,81,91, IIV, 195 


long chain 'arrangement': lipid 


88.2 


41,42,58, 91, 92, 221 


unresolved 


88.4 


42. 100 


alkylated acetamide: aminocarbohydrate 


88.6 


43, 55, 69, 83, 96, ^,110, 124, 138 


alkeny Icyanide : aminocarbohydrate 


89 


43, 57, 73, M, 82, 91, 94, 95, 1 10, 141 


unresolved 


93 


42, 55,69, 85, 97, 115, 129, 256 


hexadecanoic acid: lipid 


97 


55,56, 60, 68, 72, 73,81 


carbohydrate 


98 


41,57, 70, 83, 96, 97, 110, 124, 180, 
208 


alkenylcyanide: carbohydrate 


99.2 


48, 57, 62, 73, 85, 99, 141 


cycloalcohol: unresolved 


99.4 


41,55, 69, M,91, 109 


long chain ketone: lipd 


101 


89. 103 


long chain alcohol: lipid 


103 


41,42, 56, 122 


long chain acid, alcohol or ketone: lipid 


108 


43,5,71,83,97, 111, 123,310 


thiaphenyl 'arrangement': unresolved 


109 


43, 77, 83, 280 


unresolved 
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Figure 4.4.5. Ion chromatograms of pyrolysis GC/MS of a Spodic Leptic Cryosol (Cl 1) 
from weathered gneiss rock under mosses and lichens. 
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Figure 4.4.6. Ion chromatograms of pyrolysis GC/MS of a Spodic Cryosol (WP5) from 
glacial outwash sediments under mosses. 
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Figure 4.4.7. Ion chromatograms of pyrolysis GC/MS of a Spodic Cryosol (D3) with nil 
vegetation at an abandoned penguin rookery. 
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Table 4.4.8. SOM compound classes according to the pyrolysis GC/MS experiments in 
Spodic Cryosols in eastern Antarctica. 

Horizon Protein Phenol Carbo Aromatic Lip- Amino- Unresolved 
precursors hydrates hydro- pre- ids carbo- 

cursors hydrates 

% of assigned signals 



Soil Cll from weathered gneiss rock under mosses and lichens in a small depression 



AE 


9 


9 


14 


3 


20 


ND 


46 


Bh 


8 


ND 


30 


ND 


15 


ND 


48 


BsC 


11 


ND 


ND 


ND 


11 


ND 


78 


lie 


ND 


ND 


ND 


ND 


79 


ND 


21 


Soil WPS from glacial outwash sediments under mosses at a dried-up melt water lake side 




AE 


5 


14 


23 


ND 


22 


4 


32 


Bh 


8 


10 


33 


ND 


25 


3 


21 


C 


ND 


ND 


ND 


ND 


39 


20 


42 


Soil D3 under gravel pavement with nil vegetation at an abandoned penguin rookery 




AE 


ND 


ND 


19 


ND 


16 


33 


32 


Bh 


9 


13 


24 


4 


10 


10 


29 


Bhs 


7 


ND 


30 


ND 


ND 


22 


41 


IIBs 


ND 


ND 


43 


ND 


34 


ND 


23 


IIICw 


ND 


ND 


27 


ND 


ND 


17 


56 



ND: none detected. 



NMR and Py-GC/MS suggest a very specific SOM pattern in the IIBs horizon. 
Both techniques indicated the abundance of such carbon moieties to a greater ex- 
tent. The strong decrease of 0-alkylic carbon units within the soil profile observed 
with NMR was not found with Py-GC/MS. The minimum of aromatic carbon in 
the IIBs horizon might correlate to the occurrence of carbohydrates. However, the 
observed maximum in carbohydrates was in contrast to the NMR data. 

This suggests that pyrolysis data do not reflect total SOM, due to the occur- 
rence of huge amounts of unresolved compounds (Figure 4.4.5, 4.4.6, 4.4.7) and 
the unconsidered SOM fractions (>20%, compare methods). In any case, the data 
combination suggests that a huge amount of aromatic carbon hides in the unre- 
solved fraction of Py-GC/MS. The NMR data suggest that a decrease of alkylic 
carbon and increase of carboxylic carbon units modified SOM from the parent or- 
ganic matter material, guano, to the soil horizons. 



5. Discussion 

Dead moss is the initial organic matter for soil formation in the Terric Leptic 
Gelic Histosols (US: Lithic Hemistel). According to the NMR data, aliphatic car- 
bon units (acetal, hydroxyl, alkyl) dominate in the SOM. Tentative assignments 
by Py-FIMS indicate that the alkyl compounds consist of lipids, fatty acids, and 
sterols. 0-alkylic compounds were partly identified as carbohydrates. 

Obviously, the non-identifiable part within Py-FI mass signals (about 50% of 
TII) is higher within the carbohydrates than within the lipid fraction. This obser- 
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vation is similar to that of Nip et al. (1987) in a comparison of flash pyrolysis and 
NMR. The aromatic compounds are not from lignin, because the typical signals in 
Py-FIMS are missing. 

Py-FIMS data suggest that alkylaromatics are present in the necrotic mosses. 
Under temperate conditions, these compounds are typical structural building 
blocks of humic substances (Schnitzer and Schulten, 1992). Beyond this, in the 
LH-horizon, only scarce humification is visible (Table 4.4.1). Therefore, the high 
amount of carboxyl groups probably derive from fatty acids und proteins (Wilson, 
1987). With regard to the other peaks in the NMR spectra, the aromatic structures 
possibly derive from aromatic amino acids like histidine (Ccarboxyi- 174 ppm, Cp: 
28 ppm, Caromatic- H7 to 136) or tyrosine (Ccarboxyi 172 to 175 ppm, Cp: 27 to 28 
ppm, Caromatic 1 14 to 138 ppm) (Breitmaier and Voelter, 1989). 

The NMR data show that carbohydrates decomposed in the Terric Leptic Gelic 
Histosol during the soil’s formation from mosses, but the pyrolysis data do not re- 
flect this trend. However, Py-FIMS did not yield evidence for a significant de- 
composition or transformation of carbohydrates because the NMR and the pyroly- 
sis data are not directly comparable. Py-FIMS probably underestimates 
carbohydrates in relation to total SOM. 

Our results confirm Nip et al.’s investigations (1987) showing that, despite 
high abundances of polysaccharides in biomacromolecules, flash pyrolysis reflects 
only a limited and specific part of polysaccharides. The drastic change in the C/N 
ratio from LH to HI (Table 4.4.1) confirms the degradation of the nitrogen-free 
polysaccharides in the soil profile. 

The most striking feature of the carbon- 13 NMR data is the drastic increase of 
alkyl carbon. As the methods section here describes, the lipids detected by Py- 
FIMS reflect only selected signals for alkyl-diesters, fatty acids, alkenes, alkanes, 
alkyl-monoesters, and sterols in the mass range from 202 to 732 m/z. Alkylics of 
lower molecular weight or other chemical structure are not considered. Thus, the 
lipids represent only a special part of the alkylic carbon that carbon- 13 NMR de- 
tects. 

The relative intensities (percentage of total ion intensity) of the specific Py-FI 
mass signals for lipids increased in the HI and H2 horizons, compared to the top 
and lowest horizons. Complementary to carbon- 13, NMR spectroscopy’s determi- 
nation of the general enrichment of alkyl carbon with increasing soil depth, Py- 
FIMS’ detection of specific, biologically important lipid-derived structures en- 
abled a deeper insight into the behavior of alkyl structures in the profile of the 
Terric Gelic Histosol. 

The decomposition of organic matter is not as intensive as in soils under tem- 
perate climate (Kogel-Knabner, 1992, 1993). The governing influence is the ex- 
treme cold, which strongly retards the transformation of fresh organic residues 
(Wilson, 1990). Therefore, in this Antarctic Histosol, carbohydrates dominate the 
SOM composition also in deeper horizons, together with recalcitrant, alkylic com- 
pounds. 

Schnitzer et al. (1990) observed similar effects in the organic layer of Canadian 
subarctic soils. Mosses as plant precursors of the organic matter in the Terric 
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Gelic Histosol do not contain lignin (Hurst and Burges, 1967). Thus, the aromatic 
structures that carbon- 13 NMR and Py-FIMS identify demonstrate that lignin in- 
put is not necessary for forming aromatic humic structures. These compounds 
might derive from aromatic amino acids (Breitmaier and Voelter, 1990). On the 
other hand, the synthesis of these compounds is possible from ketonic and car- 
boxylic structures (Ziechmann, 1980). The occurrence of aromatic constituents in 
SOM of an Antarctic Histosol is in line with results of Wilson et al. (1986), who 
observed aromatics in humic acid fractions from Antarctic soils. 

The greenish gray soil color in all horizons of the Fibric Leptic Gelic Histosol 
(US: Lithic Fibristel) corresponds to the wet-chemical and spectroscopic data in- 
dicating only very weak transformation processes in this soil. The organic nitro- 
gen is mostly bound in amino compounds. These results suggest that proteins are 
of major importance. 

Obviously, the carboxyl carbon was derived from fatty acids and proteins 
(Breitmaier and Voelter, 1989; Wilson, 1990), given the lack of significant humi- 
fication. The alkyl units derive probably from ether-linked «-alkyl chains (Gelin et 
al., 1993). These highly non-hydrolyzable biomacromolecules are located in the 
outer cell wall of several species of algae (Largeau et al., 1990) and have a high 
potential for preservation in soils and sediments (Gelin et al., 1993). However, the 
very slight increase of alkyl carbon units in the Fibric Leptic Gelic Histosol does 
not reflect their selective preservation (Gelin et al., 1993; Largeau et al., 1990; 
Nip et al., 1986). 

Due to the proximity of a meltwater lake, the whole soil profile is very moist 
and, consequently, the thermal capacity of this Histosol is high. The solar energy 
input into the Antarctic is not sufficient to increase soil temperature in such wet 
soils significantly. Therefore, transformation processes of organic matter are not 
detectable. 

In contrast, in water-saturated soils under temperate climate conditions, the ini- 
tial SOM can slowly transform, because soil temperatures in summer are high 
enough to stimulate microbial decomposition processes (Blume et al., 1991). The 
Terric Gelic Histosol has a lower moisture level, and soil temperatures during the 
Antarctic summer are high enough to enable transformation processes of organic 
matter. Bolter (1992) measured soil temperatures up to 12°C in neighboring soils 
during the Antarctic summer. Microbial activity is much higher under these condi- 
tions, and transformation processes of organic matter lead to the brownish to 
black color of the deeper horizons (Smith, 1990; Blume et al., 1997). 

In the mineral Cryosols, the great difference in SOM composition and SOM 
depth function in the profiles suggests that parent materials and different carbon 
sources influence the mechanisms of humification and translocation in the soil. 
Probably not only a special vegetation, such as heather in temperate climate re- 
gimes but also more microclimate and soil microbial consumption and/or produc- 
tion of organic compounds are responsible for the occurrence and intensity of 
podzolization and transformation of organic matter. 

For example, Beyer et al. (2001) found that the total bacterial colonization 
(TBC) of vegetated soils correlates to selected organic compounds. TBC and ter- 
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minal methyl groups (0 to 25 ppm) showed a weak correlation of r = 0.674*. The 
same authors found that the alkyl-C/O-alkyl-C ratio correlated well to TBC (r = 
0.709**), whereas TBC negatively correlated between the signals of oleflnic and 
alkyl aromatics (110 to 140 ppm), with an r-value of -0.820**, suggesting nega- 
tive interactions between soil microbes and aromatic SOM compounds. These cor- 
relations also may suggest that bacterial cell carbon affects the SOM composition, 
or vice versa, since in temperate climates microbial activity and SOM composition 
well correlate and interact (Capriel et al., 1995). 

The soil- forming processes in the Spodic Cryosol from solid gneiss rock under 
mosses indicate a strong decrease of 0-alkylic carbon and an increase of aromatic 
and carboxylic carbon units from the recent moss vegetation and probably some 
soil algae during humification. This is why White and Beyer (1999), using the Py- 
GC/FID technique, found a strong correlation between the pyrogram of recent 
vegetation and the underlying soil horizons. {Py-GC/FID is pyrolysis gas chroma- 
tography/flame ionization detection.) 

NMR and some Py-GC/MS data confirmed a different SOM composition in the 
bleached AE horizon and the dark spodic Bh horizon, as the classification as a 
Podzol suggests (WRB-FAO, 1998). Proteins are mainly in the top soils, probably 
due to a favorite colonization with microbes (Beyer et al., 2000c). In the Antarctic 
podzolic soil from weathered gneiss rock under mosses, alkylic carbon units have 
moved from the AE to the Bh and probably into deeper subsurface horizons, as 
the high abundance of lipids in the subsoil suggests. Aromatic compounds have 
been preserved in the uppermost topsoil layer. 

In the Spodic Cryosol from glacial sediments under mosses, the NMR data in- 
dicate a decrease of 0-alkyl C but only a weak increase of aromatic and carbox- 
ylic carbon units from the recent soil algae colonization (Bolter, unpublished). 
Surprisingly, neither NMR nor Py-GC/MS data indicated a different SOM com- 
position in the bleached AE horizon and the dark spodic Bh horizon, as a Podzol 
classification suggests (Soil Survey Staff, 1998; WRB-FAO, 1998). However, 
both methods suggest a change in SOM quality in the C horizon. 

The higher carbohydrate content that Py-GC/MS found agrees with the some- 
what higher amount of hydroxyl carbon units of NMR (60-90 ppm). However, the 
increase of the aromatic carbon from the spodic Bh to the parental C horizon was 
not detected as phenol precursors or AHP. As described for the soil Cll, these 
moieties are probably in the unresolved fraction or in the amino carbohydrate 
fraction, as is true for soil D3, where the disappearance of amino carbohydrates in 
the fourth horizon correlates well to a significant decrease of the aromatic carbon 
units. 

In addition, since we are looking at the largest amount of components, some 
moieties occurring less could be omitted. In contrast to soil Cll, NMR data did 
not show the increase of the lipid fraction from the albic AE and the spodic Bh to 
the parental C horizon. In summary, in the Spodic Cryosol from glacial outwash 
sediments under mosses, the SOM chemistry does not reflect the soil morphology. 
However, the Py-GC/MS data suggest a translocation of alkylic carbon moieties 
with podzolization. 
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The Spodic Cryosol with nil vegetation at an abandoned penguin rookery (D3) 
had a high abundance of amino carbohydrates, except in the IIBs horizon. None of 
the other Cryosols contained nearly this concentration. The NMR data suggest 
SOM was modified from the parent organic matter, guano, to the soil horizons by 
decreasing alkylic carbon and increasing carboxylic carbon units. However, the 
impact of layering, due to the possible deposition of different materials by sea- 
birds, complicates interpreting the SOM data with respect to soil-forming proc- 
esses (Beyer et al., 2000a). 

The NMR data indicate a strong downward movement of alkylic carbon, with a 
simultaneous enrichment of 0-alkylic carbon, whereas aromatic and carboxylic 
carbon moieties are stable in the profile, and an influence of layering with a dif- 
ferent organic matter source in the deepest horizon is possible. Py-GC/MS 
showed, in most of the five soil horizons, a completely different SOM pattern, 
which indicates a much stronger influence of seabird-induced layering than of in- 
situ soil formation. In contrast to soil WP5, in the podzolic soil D3 with nil vege- 
tation at an abandoned penguin rookery, the SOM chemistry reflects the soil mor- 
phology with the assignment of a bleached AE and the dark-colored spodic Bh 
horizon. But the Py-GC/MS data suggest no translocation of lipid moieties. 



6. Conclusions 

The integrated approach, including morphological observations, wet-chemical 
analyses, CPMAS carbon- 13 NMR, and pyrolysis experiments, allowed new in- 
sights into soil organic matter (SOM) composition and transformation of the in- 
vestigated Antarctic permafrost-affected soils. The SOM of the Gelic Histosols 
consisted mainly of carbohydrates and lipid-derived compounds. In the water- 
saturated Gelic Histosol, transformation processes are not evident, but slight de- 
composition and transformation processes of SOM occurred under drier condi- 
tions. Especially carbohydrates decompose and alkylic compounds are enriched. 
Of special interest is the detection of aromatics in the SOM of Antarctic Histosols. 
Thus, our data show that aromatic lignins are not necessary for the formation of 
aromatic humic substances. 

In Cryosols on the coast of eastern Antarctica, SOM composition has a high 
level of carboxyl carbon and lipidic moieties in all soil horizons, which is very 
unlike that of temperate regions. The correlation of vegetated soils’ selected SOM 
compounds and bacteria suggests that algal and moss carbon sources influence 
SOM greatly. The great variety in SOM composition and SOM depth suggests 
that parent materials and different carbon sources influence humification and 
translocation mechanisms. We think that not only vegetation but predominantly 
microclimate and soil microbial consumption and/or production are responsible 
for the complicated geochemistry of these soil processes. 

The observed variety in the pattern of long-chain alcohols, acids, and ketones 
which the Py-GC/MS technique showed are not typical for soil. Most of the long 
chains in the Antarctic soil samples appear to contain multiple oxygen- and nitro- 
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gen-containing functional groups, cyclic ionized and heterocyclic structures, and 
alkylations, which the occurrence of 20 to 40% aromatic NMR carbon subunits 
confirm. However, the complex and easily ionized compounds and the low carbon 
content made Py-GC/MS mass spectral identification very difficult, which results 
in a high amount of unresolved fractions. 

With respect to soil formation of a Spodic Cryosol from weathered gneiss rock 
under mosses, alkyl carbon units have moved from the AE to the Bh and probably 
into deeper located horizons, whereas aromatic compounds have been preserved 
in the uppermost topsoil layer. In a Spodic Cryosol from glacial outwash sedi- 
ments under mosses, the SOM chemistry does not reflect the soil morphology. 
However, the pyrolysis data indicate also a translocation of alkyl carbon moieties 
during podzolization. 

In contrast, in a Spodic Cryosol with nil vegetation at an abandoned penguin 
rookery, the SOM chemistry reflects the soil morphology, with the assignment of 
a bleached AE and dark spodic Bh horizon. However, pyrolysis data does not sug- 
gest any translocation of lipid moieties, and so we think that podzolization is 
chemically an ill-defined soil-forming process in Antarctic soils. Parent materials, 
physical and mechanical properties, microclimate, local moisture regime, and mi- 
crobial colonization affect the processes of formation and translocation of SOM. 

Finally, finding the origin of Antarctic SOM should be a future research em- 
phasis of Antarctic soil science. Our results suggest that SOM transfer may play 
an important role in nutrient cycles in Antarctic soil ecosystems. A final conclu- 
sion requires verifying water and soluble SOM movement in the landscapes, 
which is more a technical than a mythological problem, due to the extreme stoni- 
ness and shallowness of most Antarctic soils. Beyond this, investigations of soil- 
forming processes in Antarctica might be useful for understanding the more com- 
plex pedogenic processes under temperate climate conditions. 
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1. Introduction 

Antarctica is a large, ice-covered continent, where soils are the exception. Less 
than 3% of the region is ice-free, and most of that is extremely cold and arid 
(Lewis Smith 1993a, b) most of the year. The environment severely limits soil or- 
ganisms’ survival strategies and adaptive capacities. Nevertheless, several groups 
of soil-dwelling animals, plants, and microorganisms have settled in various 
niches of this continent. 

The isolated nature of ice-free areas — nunataks, deserts, and oases along the 
coast line and islands in the surrounding ocean (Figure 4.5.1) — complements 
small-scale changes within these landscapes. In contrast to the vast tundras of the 
northern hemisphere, the Antarctic is a mosaic of different environments. This 
holds true for geomorphological, pedological, botanical, and microbiological fea- 
tures. Gradients between individual habitats within a region can be as large as be- 
tween different regions (Bolter et al., 1999). 
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Figure 4.5.1. Locations of exposed rock and snow-free ground in coastal areas of the Ant- 
arctic continent (after Green et al., 1967). 



Most soils here can be classified as permafrost-affected soils (Gelisols or 
Cryosols; Beyer et al., 1999) which show low chemical weathering processes but 
strong mechanical forces on rocks and surface layers of soils, via cryoturbation. 
Large landscapes thus show features of patterned ground in various grades. Re- 
peated movements of surface layers by erosion or cryoturbation directly influence 
the colonization of slow-growing plant communities (e.g., lichens) or other fell- 
field stabilizing processes (Wynn- Williams, 1988, 1993) and thus slow microbi- 
ally mediated changes in soil properties, such as decreases in pH (e.g., from nitri- 
fication), accumulation of soil aggregates, and increases in buffering capacity. 

These factors make it difficult to uncover general evidence and create pictures 
of microbial activity in Antarctic soils on a broad scale. But recent research results 
can help describe facets of microbial processes related to different kinds of inter- 
actions, feedback, and regulation mechanisms. Although the feedback to changing 
environmental conditions cannot be as large as those in northern landscapes, the 
processes under investigation can be modeled and compared with those of other 
systems. 

This overview mainly considers the coastal regions, with emphasis on envi- 
ronments of the maritime Antarctic and eastern Antarctic oases. 
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2. Environmental Constraints within Microbial Habitats 

2.1. Temperature 

Temperature can be regarded as a synonym of energy input into the system. Tem- 
perature conditions have impacts on soil properties (e.g., soil volume, pressure, 
redox potential, difftision, viscosity, surface tension, and water aggregate status) 
and soil organisms. Temperature directly affects the physiological reaction rates 
of cells. Organisms that grow at or near 0°C have established special ways to cope 
these conditions. They contain specific lipids (unsaturated fatty acids) or other 
compatible solutes (e.g., polyols, amino acids) that enable their cellular mem- 
branes to retain fluidity when cold (Wynn- Williams, 1990; Paul and Clark, 1996). 

Soil microorganisms adapted to these extreme conditions are called psychro- 
philes. Bacteria from most Antarctic habitats are considered psychrotrophs (Vish- 
niac, 1993). Their prominent ability to survive in this environment is an euryther- 
mal property which allows them to grow and profit from wide environmental 
temperature ranges. Although microbial growth and respiration are very low over 
the long periods of cold and xeric conditions in polar ecosystems, microbial car- 
bon mineralization during these times may account for a substantial component of 
total annual C loss in these ecosystems, comparable to that observed from Arctic 
winter conditions (Zimov et al., 1993; Clein and Schimel, 1995; Oechel et al., 
1997). 

In addition, episodes of freezing and thawing that occur during spring, summer, 
and fall may increase microbial respiration due to the enhanced supply of sub- 
strates for soil microorganisms, which derives from killed and lysed cells during 
the period of freezing (Wynn- Williams, 1980). Such leaching of dissolved matter 
holds especially true for the dominating cryptogamic vegetation which shows ac- 
celerated release of dissolved carbohydrates, mainly polyols (Tearle, 1987; Melick 
and Seppelt, 1992; Roser et al., 1994). 

Previous studies do not fully clarify whether these freeze-thaws substantially 
affect the composition and function of microbial communities and therefore the 
overall functioning of these ecosystems (Schimel and Clein, 1996). Many mi- 
crobes react very sensitively to such stress factors, and the effect on their survival 
capacity relates to the range of the temperature change (Cameron, 1974). Survival 
strategies for such stress factors are especially necessary for communities living in 
surface horizons of soils or in cryptogamic crusts. Several yeasts and some bacte- 
ria cope successfully with such situations (Vishniac and Hempfling, 1979; Wynn- 
Williams, 1983; Lyatch et al., 1984). 

The rise of the temperature above 0°C is only for short times and only in the 
surface horizons; temperature gradients relate strongly to plant cover (Bolter, 
1992a). Such conditions influence strongly the time spans which allow microbial 
activity at different stages of their metabolism or chemical processes (Bolter et al., 
1995). 
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2.2. Moisture 

Most Antarctic regions suffer from low precipitation. A basic feature of the driv- 
ing variable temperature is its control of the activity and availability of water. 
Temperature controls soil moisture, and this has consequences on changes in hy- 
drology and chemical and biological processes. Temperatures below freezing pre- 
vent the existence of fluid water; high temperatures force evapotransportation and 
thus produce aridic conditions, which also stress microorganisms within the small 
window of conditions favorable for metabolism and reproduction. 

Rapid changes in temperature are followed by rapid changes in soil moisture, 
which affect primarily the transport of solutes to osmotrophic organisms but also 
increase the concentrations of remaining ions or organic substances of low mo- 
lecular weight and thus pose a strong osmotic force to organisms, especially those 
which cannot escape such conditions by rapid movement (e.g., bacteria, fiingi, al- 
gae). They need the ability to produce special survival forms (e.g., resting cells) or 
to produce and store protective substances, processes which can be very energy- 
consuming. 

Many bacteria show the benefit of such changes in life forms. They can mini- 
mize their cell size in order to decrease internal cell’s energy needs and their ex- 
penses to maintain high membrane potentials (Schink, 1999). Hence, the require- 
ments for general maintenance are much higher than in temperate environments, 
especially when changes occur at a critical level for life processes, such as at the 
freezing point. 

Only in a few regions in the Antarctic is moisture not permanently limiting. 
Such regions are in the maritime Antarctic and in a few spots on the continent 
where geomorphological peculiarities (e.g., terraces) prevent quick drainage. One 
such region is on the Windmill Islands, where a well developed community of dif- 
ferent mosses occurs, even producing histosols of different stages and deepness 
with special habitats for microorganisms and developing cryofibrists from algal 
mats (Beyer et al., 1995; Beyer and Bolter, 1999). 



2.3. Aeration 

Well drained soils are well aerated, and anaerobic processes occur only to a lim- 
ited extent. Thus the Antarctic is not as important to evaluating CH 4 or N 2 O as are 
the Arctic tundra environments (Christensen et al., 1994; Virzo de Santo et al., 
1999). The presence of well aerated soils affects the degradation of soil organic 
matter; strong accumulations of organic matter, however, can occur only in re- 
gions with high plant productivity in combination with water-logging features. In 
such areas, anaerobic microbial activity and small amounts of CH4 production 
have been monitored (Wynn-Williams, 1980, 1985a; Yarrington and Wynn- 
Williams, 1985). Lewis Smith (1985) showed that methanogenesis accounted for 
only 0.5 to 3% of total C-decomposition there. 
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Soils with a high degree of porosity can profit from convection in surface lay- 
ers. Fine material with high contents of silt or clay provides very different habi- 
tats, with anaerobic zones hampered by slowed diffusion in wet conditions. How- 
ever, these soils mostly lack sufficient organic material to sustain an appropriate 
microbial aerobic community. 



3. Living resources: Organic Matter 

3.1. Particulate organic matter 

Antarctic environments which bear significant amounts of phytomass mostly are 
dominated by cryptogams (i.e., mosses and lichens), and the annual primary pro- 
duction and subsequent input of litter is very low (Lewis-Smith, 1985). Lichens 
are extremely slowly growing plants which produce a limited amount of residue. 
In addition, mosses change the substrate so that it is not a favorable food source 
for many decomposing organisms; they create an acidic and anaerobic environ- 
ment. Further, mosses produce phenolic compounds (Prins, 1982) which need 
special constraints for effective microbial degradation (e.g., a well aerated envi- 
ronment). 

Only small areas in the maritime Antarctic have sufficient climatic amplitudes 
to allow the growth of the only endemic vascular plants, Deschampsia antarctica 
and Colobanthus quitensis, and thus a substrate of higher quality. Some invaders 
have been registered recently (e.g., Poa annua, Olech pers. comm.) but the spread 
of vascular plants is rather limited and cannot be considered a significant input to 
the system. 

The lack of annual litter input from vascular plants, in combination with ham- 
pered decomposition processes, has substantial consequences on soil organisms 
and thus on soil development (Blume and Bolter, 1996; Blume et al., 1996; Beyer 
and Bolter, 1999; White and Beyer, 1999). The organic matter in some spodic ho- 
rizons differs significantly from that in temperate environments (Beyer et al., 
1997). Further, the rare abundance of rooting plants and soil-dwelling animals re- 
duces the transport of matter, although plants and animals, where abundant, affect 
soil development (Block, 1984; Bolter et al., 1997). 

Levels of organic matter of high molecular weight nevertheless occur over 
wide ranges. Table 4.5.1 presents some examples, measured as loss on ignition. 
The prominent effect on the amount of organic matter is the plant cover. Strong 
gradients, according to its depth distribution, occur. The controlling factor for the 
decomposition is the accessibility of promoting substances (e.g., nitrogen and 
phosphorous), which are at limiting concentrations in most non-coastal environ- 
ments. These compounds are necessary for the synthesis of new cell material. The 
general threshold for a ratio which determines N-remineralization vs. N- 
immobilization of about 25 (Paul and Clark, 1989) also can be accepted for this 
environment. 
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Table 4.5.1. Contents of organic matter and C/N ratios of Antarctic soils. 


Location 


Soil/sample descrip- 
tion 


Soil 

depth 

(cm) 


Loss on ig- 
nition (LOI) 
(% of d.wt.) 


C/N 


Reference 


Windmill Islands 


surface soil 


0-3 


11.0 


12.7 


Bolter, 1990 






3-12 


2.2 


7.6 




Windmill Islands 


Dystri-gelic Regosol 


0-70 




6-7 


Blume et al., 




Lepti-gelic Podzol 


0-26 




5-7.6 


1997 




Dystri-gelic Leptosol 


0-30 




9-12 






Terri-gelic Hitosol 


0-28 




9-19 






Fibri-gelic Histosol 


0-18 




18-21 




Windmill Islands 


Lithic Cryorthent 


0-15 


0.4-0.7 


8.5-13.2 


Beyer and Bolter, 




Lithic Cryorthent 


0-36 


0.6-2.2 


10.9-22.7 


1999 




Lithic Cryorthent 


0-15 


3.6-6.5 


11.9-20.2 






Lithic Cryorthent 


0-10 


14.0-17.3 


10.1-15.7 






Lithic Cryohemist 


0-22 


6.3-60.5 


12.0-35.8 






Pergelic Haplocryod 


0-71 


1. 8-8.6 


2.3-28.9 






Pergelic Haplocryod 


0-20 


3.7-13.4 


10.9-13.4 






Lithic Haplocryod 


0-25 


1. 2-7.5 


9.8-15.3 






Lithic Cryaquept 


0-35 


22 - 2.1 


6.3-29.7 




Windmill Islands 


surface soils 


0-4 


0.2-40.2 


2.9-13.9 


Heatwole et al.. 












1989 


Signy Island 


Moss cover 


0-2 


44.0 


15 


French, 1981 




Grass meadow 


0-2 


15.9 


13 






Moraine soil 


0-2 


1.8 


5.7 




Deception Island 


Gelic-dystri Andosol 


0-30 


0.7-4.5 


10-19 


Bolter et al., 1999 


Elephant Island 


Eutri-gelic Regosol 


0-60 


0 . 1-22 


7.9-13 




Paradise Bay 


Fibri-gelic Histosol 


0-25 


76.7-98.1 


10-41 




Peterman Island 


Fibri-gelic Histosol 


0-18 


8.9-78.9 


7.0-17 




Paulett Island 


Omitho-gelic Regosol 


0-40 


6.0-56.9 


4.9-7.8 




Coronation Island 


Fibri-gelic Histosol 


0-28 


70.7-97.7 


19-56 




Coronation Island 


Humi-gelic Leptosol 


0-30 


5.1-83.9 


7.9-12 





Organic matter from plant production has extremely high C/N-ratios. Kappen 
(1985) found such ratios for that of Usnea sulphurea and U. fasciata between 51 
and 116; Christie (1987a) reports values up to 60 from moss banks. Soils in the 
vicinity of penguin rookeries or other concentrations of animal life show ex- 
tremely low C/N-ratios, with values down to 5 (Bolter et al. 1999). Most reports 
of soils, however, describe C/N-ratios between 10 and 20 (Table 4.5.1). 

A strong patchiness below m-scales has been monitored, due to plant cover and 
small-scale relief (Beyer et al., 1998). Most of the soil nitrogen, however, has to 
be considered inorganic N derived from excretes; thus it does not describe the 
quality of litter or other particulate organic material. It becomes evident from most 
of these analyses that elevated C/N ratios are typical for surface layers; deeper ho- 
rizons generally show lower C/N ratios, due to lower contents of refractive mate- 
rial. 
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Table 4.5.2^ Dissolved organic matter in Antarctic soils. 


Location 


Sample/Plant species 


Compounds 


Amount 


Reference 








(mg/g) 




Singy Island 


Usnea sp. 


Polyols 


184.7 


Tearle, 1987 




Himantormia sp. 


(Arabitol, Ribitol, Mannitol) 


159.9 






Andreae sp. 




12.2 




Windmill 


surface soils 


free amino acids 


0.14 


Bolter, 1990 


Islands 


(0-2 cm) 


monocarbohydrates 


0.03 






deep layer soils 


free amino acids 


0.02 






(2-12 cm) 


monocarbohydrates 


0.01 




Windmill 


Grimmia antarctici 


sugars (fructose, glucose, 


65.3 


Melick and 


Islands 


Bryum pseudotriquetum 


sucrose) 


52.9 


Seppelt, 1992 




Ceratodon purpureus 




21.8 






Cephaloziella exilifora 




5.84 




Windmill 


Bryum pseudotriquetum 


soluble carbohydrates 


273 


Melick and 


Islands 


Grimmia antarctici 




159 


Seppelt, 1994 




Cephaloziella exilifora 




54 






Umbilicaria decussata 




52 






Usnea sphacelata 




71 




Windmill 


Umbilicaria decussata 


polyols + sugars 


30-36 


Roser et al.. 


Islands 


Usnea sphacelata 




17.2 


1992a 


Windmill 


var. lichens 


polyols + sugars 


12-63 


Roser et al.. 


Islands 


var. mosses 




16-60 


1992b 




Cephaloziella exiliflora 




8.7-17 






var. algae 




19-48 





3.2. Dissolved organic matter 

Generally, particulate and dissolved organic matter can correlate closely, a fact 
which shows the importance of primary producers’ sustaining the food chain. 
However, cells burst from freeze-thaw or leaching, overriding this effect. Meth- 
odological obstacles and practical problems make studies of such phenomena dif- 
ficult in Antarctica. 

Dissolved carbohydrates, amino acids, and other low-weight organic molecules 
are substantial for sustaining osmotrophic organisms. The access to these sub- 
stances may be energy consuming (e.g., via excretion of exoenzymes and specific 
uptake proteins). Despite the high demand of these molecules, tremendously high 
concentrations of individual compounds occurred (Table 4.5.2), but polyols and 
pentoses are not preferred metabolic substrates. Low-weight organic matter often 
occurs in real excess in Antarctic soils. The question arises about their fate, i.e, 
their role in nutrition, their persistence, and their possible role in sequestration. 



4. The Microbial Community 



Living soil organic matter (SOM) - bacteria, cyanobacteria, fungi, soil algae, pro- 
tozoans and micro-fauna - shows a very distinct live pattern in Antarctic soils. 
Many studies have tried to describe the quantity, quality, and role of organisms in 
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nutrient cycles. Many studies describe microbial communities, individual taxo- 
nomic or physiological groups of these communities, or overall processes (e.g., 
C02-evolution), and they recalculate microbial standing stock (i.e., biomass or 
biomass equivalents) from measures of activity. But it is difficult to assemble 
these studies to obtain a valid overall picture of processes and acting organisms. 
Methodological peculiarities often do not allow direct comparisons of data from 
individual projects. 

Either indirect (= biochemical, physiological) or direct (= microscopic, cultural 
techniques) methods can determine microbial biomass, mostly in carbon units. In- 
direct methods mostly measure concentrations of cell constituents (e.g., ATP, or 
activity parameters, such as substrate-induced respiration). Data from several 
studies are available for such approaches to Antarctic soils or other terrestrial 
habitats (Roser et al., 1993a; Bolter, 1994). However, problems arise when con- 
verting such data, e.g., of ATP, to carbon equivalents or when applying the ap- 
propriate method for extracting ATP. Direct comparisons of such “converted” 
data thus may lead to long but not fruitful discussions. Studies also have used ac- 
tivity parameters to obtain data of microbial biomass; some approaches are pre- 
sented below. 

Bacteria are doubtless the main organisms responsible for the turnover of or- 
ganic matter. Their number and biomass relate directly to total organic matter, 
notwithstanding the methods applied. Hence, high concentrations of organic mat- 
ter generally are followed by high numbers of bacteria. This can be validated by 
transects along gradients across different landscapes or by depth profiles at high 
resolutions in soil profiles (Bolter et al., 1995, 1999). 

Obviously, not only total number and total biomass show such combined gradi- 
ents with organic material. Individual properties of the population, such as mean 
cell volume; shares of parts of the community, such as those identified by size 
classes of length or biovolume; and shifts in morphological properties also are in- 
volved in particular relationships with SOM. But not all of these parameters show 
similar strengths of correlations with global or individual compounds. This indi- 
cates actions of different bacterial communities and their special requirements for 
various substrates. It also can be interpreted as individual answers for various 
kinds of stress on the community. 

Data on cell numbers and biomass have been described over wide ranges up to 
10^^ cells per g in omithogenic soils. For example, from Ross Island and Windmill 
Islands (Ramsay and Stannard, 1986; Roser et al., 1993b), organic soils contain 
up to 10^ cells/g (Wynn-Williams, 1985b; Bolter et al., 1999). The crucial point in 
estimating bacterial biomass relates to the exact measurements of their geometri- 
cal properties of size and shape (i.e., the establishment of a reliable mean cell vol- 
ume). 

Due to the high importance of small cells in nutrient-poor soils, the application 
of standard figures is not appropriate. Ramsay and Stannard (1986) calculate, for 
omithogenic soils, mean volumes between 0.22 and 0.88 pm^. Data from other 
places show mean cell volumes at much lower figures, between 0.1 1 and 0.61 pm^ 
in surface samples and between 0.02 and 0.29 pm^ in deeper layers from King 
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George Island (Bolter, 1995; Bolter et al, 1997) or between 0.06 and 0.14 |Lim^ in 
organic soils from the Windmill Islands (Bolter, 1992a). 

The role of filamentous fungi in Antarctic soils seems limited to organically 
rich soils, whereas yeasts can occur in many places, from nutrient-poor to nutri- 
ent-rich soils (Vishniac, 1993). Their contribution to the overall microbial com- 
munity seems low (Roser et al., 1993b; Bolter, 1995, 1997; Beyer et al., 2000). 
On the other hand, they show fast reactions on a fresh supply of dissolved organ- 
ics, with bursts to high biomass levels (Wynn-Williams, 1982). 

A large variety of different fungal species have been found and described taxo- 
nomically, which derive from various habitats (Vishniac, 1993; Azmi and Seppelt, 
1998). Some studies have introduced eco-physiological investigations (Vishniac 
and Hempfling, 1979; Pugh and Alsopp, 1982; Azmi and Seppelt, 1999), but the 
role of these microorganisms in the food web is still not fully understood. A main 
reason for this is the problem in determining their state of activity in the field. 
Cultural techniques indicate that several species are present; however, their ability 
to form resting stages (e.g., spores) doesn’t hint about their actual contribution to 
the degradation or turnover of organic matter. Laboratory experiments show a 
broad capability to use various kinds of organic matter, indicating that they have a 
great potential to act in the system very efficiently. 

Phototrophs (i.e., cyanobacteria and soil algae) have been given much attention 
in descriptions of processes of colonization and exudation (Wynn-Williams, 
1990). Further, their input of organic matter via snow melting from colonized 
snow fields to soil surfaces has to be considered. They are present in top soils 
which contain no or little organic matter, filling their role as colonizers, on plants 
such as Aufwuchs, or at places with limnetic influence, at banks or just at the 
moving boundaries of flooded areas with rapidly changing water levels. Most fre- 
quent phototrophs in the terrestrial environment are several diatoms (e.g., Pinnu- 
laria sp.), as well as Prasiola crispa and Nostoc commune. 

Besides their role in the detrital food chains of Antarctic soils, algae and 
cyanobacteria have two main functions: first, the stabilization of soil via produc- 
tion of slimes, thus producing primary aggregates; second (only cyanobacteria), 
the fixation of nitrogen and thus enrichment of the N-deficient soils with an im- 
portant nutrient. Studies on interactions between phototrophs and heterotrophs are 
few, and only some have been carried out to determine relationships between 
these groups at the community level (Tearle, 1987; Bolter, 1996, 1997; Beyer et 
al, 2000). 

Wynn-Williams (1993) discussed the role of soil stabilizing processes from re- 
sults of investigations in Signy Island fellfield soils. He found that slime- 
producing algae force the production of primary particles. Thus they prevent, to 
some extent, erosion by wind and flowing water and, on the other hand, they pro- 
vide primary areas for other seeds and thus build up first niches for heterotrophs. 
This first step in forming small environments of microorganisms is a basic feature 
also for other low-nutrient, desert-like areas. 

The input of nitrogen via autotrophic N-fixation of cyanobacteria can be of 
great importance for the system (Lewis-Smith, 1985; Bolter et al., 1995). Christie 
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(1987b) showed a considerable amount of N can be attributed to cyanobacteria’s 
activity. This input, however, is only of local importance, where sufficient condi- 
tions for cyanobacteria exist (e.g., moss beds). 

There is still a big gap in balancing the N-contents of soils and its possible 
sources on a broad scale. This uncertainty is mainly due to the lack of data which 
provide insights into the seasonal cycle of N-fixation in relation to N-precipitation 
and the input of tremendous bird colonies. Here, it is not only the actual input via 
feces and thus high amounts of gaseous ammonium in the vicinity of rookeries, 
but also the transport of marine N-salts via sea spray. Input to soils via weathering 
of native rocks is insubstantial. 



5. Microbial Activity 

Methodologies for descriptions of microbial and/or bacterial activity are broad. 
Approaches for various habitats used individual or complex substrates (e.g., car- 
bohydrates, amino acids, soil extracts), reactions of enzymes (e.g., hydrolytic ac- 
tivity), measurements of end products (e.g., carbon dioxide, methane), microcalo- 
rimetry, and microscopic growth measurements. 

All these methods provide distinct insights into different processes at different 
levels of the food web and/or metabolic pathways. Their aim is not only to esti- 
mate the fate and turnover of substances but also to describe the role of microor- 
ganisms as constituents of the total soil biomass. Organisms must be considered 
for the decomposition of organic material, and released and sorbed enzymes may 
show significant activity. 



5.1 . Enzymes 

Enzymes released by microorganisms and sorbed onto organic and mineral parti- 
cles in soils can degrade and break down substances of high molecular weight. 
Thus, they have an important function as mediators between producers and osmo- 
trophic consumers. Enzyme activities in soils at subzero temperatures is attributed 
to enzyme-substrate interaction in unfrozen water at the soil particles (Bremner 
and Zantua, 1975). 

Urease, phosphatase, and arylsulfatase activities have been detected in soils 
even at -10°C and -20°C. In polar ecosystems, the enzymes may be less limited by 
the effect of temperature on enzyme activity than by ice formation, which limits 
diffusion, or the accumulation of end products, which can inhibit enzyme activity 
(McClaugherty and Links, 1990). 

Since microbial growth is reduced to a great extent at low temperature, contin- 
ued enzyme activity at nearly freezing temperatures could result in an accumula- 
tion of products. Enzyme-mediated decomposition may also explain why litter 
mass occurred in winter under snow pack at near 0°C (McBrayer and Cromak. 
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1980). Orchard and Corderoy (1983), however, discuss the fact that the time span 
for an activity might be too short for a significant affect. 

Enzymatic activities for different hydrolytic processes have been found in Ant- 
arctic soils. Horowitz et al. (1972) explain high turnover rates of glucose in soils 
of the Dry Valleys by assuming active extra cellular enzymes. Ramsay and Stan- 
nard (1986) also relate high metabolic rates in Antarctic soils to free enzymes. 

Studies using fluorescein diacetate (FDA) give an overall view of hydrolases 
and have shown quite high activity in surface soils from the Windmill Islands 
(Bolter, 1992). Extremes were monitored in samples of a silty soil surface covered 
with a thin layer of algae and cyanobacteria. Extracellular enzymes probably cata- 
lyzed the decay of high amounts of slimes. Similarly, the surface of a lichen 
showed high values of FDA activity, accompanied by elevated bacterial counts 
and biomass. 

Another study conducted with methylumbelliferyl substrates showed a diverse 
pattern of derived activity data (Bolter, 1989, 1992b). Surface samples had 5 to 10 
times higher activity levels. 



5.2. Metabolic Processes and Respiration 

Dominant questions while assessing methods for obtaining data on microbial ac- 
tivity are “How many organisms are active?” or “Which part of the microbial 
community is active?” or “What is the preferred substrate?” or “What are domi- 
nant environmental factors?” Several attempts have been made to answer these 
questions. 

Microautoradiography is a basic method for determining the number of organ- 
isms involved in the metabolic process. Ramsay (1983) found that the proportion 
of bacteria from omithogenic soils taking up ^H-glucose was less than 8%. These 
results from Ross Island could be confirmed by very low measurements of CO 2 
evolution (Orchard and Corderoy, 1983). These data, because of the specificity of 
this environment, cannot be transposed to other environments. 

High concentrations of sugars and polyols at other places indicate a more active 
community using these substances for metabolism. Given measurements of colony 
growth and substrate use, carbohydrates, especially glucose, are preferred sub- 
strates for growth (Bolter, 1993; Melick et al., 1994). These data sustain results 
from Wynn-Williams (1982), who showed that peat samples supplemented with 
sugars increased their activity, a fact which was used as an indication that the 
dominance of microbial respiration is due to dissolved organic carbon. Similarly, 
micro-colony growth was at comparable levels when growth was stimulated with 
either glucose or soil extracts (Bolter, 1993). 

Gas exchange measurements can use the consumption rates of oxygen or the 
evolution of carbon dioxide. Wynn-Williams (1982, 1984, 1985c, d) conducted 
several experiments on oxygen consumption and found it closely related to CO 2 
output (Wynn-Williams, 1982). Calculations of respiratory quotients of data from 
moss peats from a wider area, the Scotia Arc and Antarctic Peninsula, were be- 
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tween 0.5 and 2 (Wynn-Williams, 1984). Direct correlations between these data, 
however, were not found (Wynn-Williams, 1985a). 

Similar findings resulted from comparing glucose remineralization rates, oxy- 
gen consumption, and CO 2 evolution from soils and plant samples from Arc- 
towski and Casey (Bolter, 1991). This indicates a great differentiation in those 
processes. The share of respired ^"^C-labelled glucose has high variability and can 
fluctuate between 40 and 90% (Bolter, 1992b). Thus, a significant proportion of 
the metabolic process is used to maintain life rather than produce new biomass. 

Data on bacterial biomass production in soils from maritime and continental 
Antarctica have been derived from rates of incorporation of ^'^C-labeled glucose 
(Bolter, 1990, 1992b) and show, for organic surface horizons, values up to 0.94 
pg C/g soil/h. The lowest values, in deeper horizons with low levels of organic 
matter, showed figures below 0.1 pg C/g soil/h. Extrapolating such data to a 
yearly figure yields a maximal bacterial production of up to 20 mg C/m^. 

In the future, estimates of different ecophysiological parameters that are fre- 
quent measures in temperate and tropical soil could help describe the energetic ef- 
ficiency of the microbial community and the maintenance requirement of the mi- 
crobial biomass in polar ecosystems. For example, the Cmic/Corg ratio could give 
information about the carbon dynamics of Antarctic soils, whereas the metabolic 
quotient (qC 02 ) calculated from the basal respiration and microbial biomass 
would show whether soil microorganisms use efficiently available substrates. 
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1. Introduction 

Because of the prevailing low temperatures, low humidities, frequent ffeeze-thaw 
cycles, and salinity of the soil, the Arid Cryosols of the Transantarctic Mountains 
are generally unfavorable environments for plant and animal life. Nevertheless, 
careful examination of the soil shows that habitable niches do exist, and organ- 
isms have colonized the soil and radiated to fill most of them. Food chains have 
formed, and a relatively large number of organisms occur in a relatively simple 
ecosystem. 



2. Primary Producers 

Within the soil, microorganisms can and do survive. The primary producers in 
Arid Cryosols are cyanobacteria and eukaryotic algae, fixing carbon and provid- 
ing nutrients for other heterotrophic organisms (Wynn-Williams et al., 1997) 
Traces of bacteria occur in most soils, even the coldest and most arid (Cameron et 
al., 1971; Broady and Weinstein, 1998), while algae are distributed less widely 
and restricted to more favorable situations (Vincent, 1988; Broady, 1996). 

Yeasts and actinomycetes are also present. Together, these organisms trans- 
form sunlight into organic matter which can support traces of animal life, and thus 
an ecosystem can develop. Cameron (1972), for example, found at least 10 genera 
of bacteria, two species of yeast, and four of algae in soils of the Victoria Valley 
that contained no visible plant life. However, the distribution of organisms within 
the soils was highly variable. 

On the surface of the soil, a few plants can survive in suitable locations. 
Mosses grow in small patches where conditions are favorable, generally close to 
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ephemeral streams in coastal areas where the soils are moist and salt-free 
(Schwartz et al., 1992). The roots of the mosses can penetrate 2 to 3 cm into the 
soil and contribute traces of organic matter or humus. Away from the areas of 
flowing water, visible plant life is absent. 

Lichens are more widespread and occur far inland at altitudes of more than 
2000 m (Claridge et al., 1971) but generally occur on rock surfaces rather than 
soil, as they are slow-growing and require a stable substrate. 

Some organisms have exploited a favorable microenvironment within rock 
cracks and the pores between grains of sandstone (Friedmann and Ocampo, 
1976). These largely occur in vertical exposures of sandstone on the valley walls 
and generally are lichens, growing in a thin zone, a few mm thick, about 1 or 2 
mm below the surface. The algal component of the symbiont lichen generally is 
separated from the fungal component, in order to make maximum use of the in- 
coming solar radiation and moisture. 

These cryptoendolithic lichens frequently occur associated with unidentified 
colorless bacteria presumed to act as decomposers, so that a small ecosystem de- 
velops in this microenvironment. Even on the valley floors, where moisture may 
be somewhat more available, green algal material grows in cracks in translucent 
rocks such as massive quartz aggregates or marbles, where it survives in a kind of 
miniature greenhouse. 



3. Factors Governing Organic Life 

There are no detectable weathering differences between soils that contained rela- 
tively abundant life and those that did not, nor are there any other differences ob- 
servable that could be attributed to the presence of life. Yet soil properties clearly 
affect the organisms themselves. The soils that contained organisms are younger 
and more moist and contained much less salts than those that did not contain life 
(Cameron and Conrow, 1969; Janetschek, 1970; Ugolini, 1977). 

The availability of moisture is considered the major regulator for primary ter- 
restrial colonists in soils of the cold desert (Kennedy, 1993; Wynn-Williams et al., 
1997), but since salt concentration in soils is a function both of moisture and age, 
soil salinity probably is the dominant factor. Temperature is also important. The 
intensity of life decreases with increasing latitude and altitude, and both factors 
govern temperature which, in turn, is one of the factors governing available mois- 
ture. 

The most widespread organisms are microorganisms; higher plants, mosses, li- 
chens, and algae occur only in favorable situations where groundwater from melt- 
ing snow is available during the short summer. These soils are not saline, as water 
flow leaches out any salt, and they may appear quite productive in comparison 
with surrounding areas. Mosses and filamentous cyanobacteria occur in areas of 
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flowing water or where capillary movement moistens soils, alongside flowing wa- 
ter. Away from the area of flowing water, plant life is absent. 



4. Animal Life 

The bacteria and algae provide a substrate on which grazing animals can survive. 
In Antarctic soils, the most important grazers are nematodes, although tardigrades 
and rotifers are also present at some sites (Freckmann and Virginia, 1998). The 
distribution of nematodes is related to soil factors such as pH and salt concentra- 
tion and also to the presence of soil organic matter, which itself is related to food 
sources and soil moisture. 

In no other known systems do nematodes represent the top of the food chain or 
are the relationships so simple. Only very few species of nematode appear in Ant- 
arctica, and of these only 3 are widespread in the cold desert soils of the Ross Sea 
region. The unusually low diversity of the nematode population suggests that the 
ecosystem will be disrupted greatly by the loss or decline of even a single species 
that is sensitive to environmental change. 

Especially favored situations support additional predators even higher up the 
food chain than nematodes. These are arthropods, represented by free-living 
mites, as distinct from mites that are parasitic on birds or marine mammals, and 
collembola (Gressitt and Shoup, 1967). The diversity of species of these animals 
is much greater than has been reported for nematodes; for example, in the Hallett 
Spit area at least 9 species of mite and 3 species of collembola occur. These ani- 
mals inhabit dry depressions on the underside of stones or in cracks in stones, 
generally associated with moss patches. Although little is known of their food 
sources, they probably prey on the nematodes and other microscopic organisms, 
as well as on plant material. 

Thus, in the ice-free areas, the soils of the cold desert do carry a small and sim- 
ple ecosystem, consisting of primary producers, bacteria, yeasts, and algae, grazed 
by nematodes, which in turn form the food source for primitive arthropods. This 
ecosystem has little effect on the soils and is distributed patchily but widely. Usu- 
ally its presence can be detected only microscopically, and even the largest ani- 
mals, the collembola, barely can be detected with the naked eye. 

The density of the biological community relates to a number of soil factors, of 
which the most important are moisture availability and salinity, but it largely de- 
pends on latitude and altitude (Figure 4.6.1). The most biologically rich areas are 
in the extremely rare exposures of bare ground in North Victoria Land, in particu- 
lar, Hallett Spit, in Edisto Inlet (Rudolph, 1966; Boyd et al., 1966), but some kind 
of biological activity is detectable as far south as bare ground occurs. 
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Figure 4.6.1. The relationship between abundance or diversity of species and environ- 
mental factors. 



5. Ornithogenic Soils and thermally heated Soils 

Included within the Arid Cryosols are small areas of very different soils, those 
formed on penguin excreta (ornithogenic soils) and those formed on thermally 
heated ground where temperature is not a limiting factor and moisture is available 
from melting snow. 

Ornithogenic soils occupy no more than 20 km^ of Antarctica (Claridge et al., 
1999) but are distinguished by a very high carbon content (up to 25%), together 
with lesser but still large amounts of nitrogen and phosphorus (Ugolini, 1972; 
Speir and Cowling, 1984). In these soils, bacterial populations are very high 
(Ramsay, 1983; Ramsay and Stannard, 1986), but little is known of the other mi- 
croscopic soil organisms. The guano itself probably provides a very inhospitable 
environment for many organisms, but the nitrogen-rich runoff from the rookeries 
encourages considerable algal growth in the streams and is a very rich food source 
for other plants and animals. Outside the rookery areas, there is very little effect 
on the soils. 

In a very few places, notably near the summits of the few active volcanoes in 
Antarctica, the ground is warmed from geothermal surfaces, moisture is available 
from condensing steam emissions, and weathering processes proceed much farther 
than in the Arid Cryosols. In continental Antarctica, thermally heated ground has 
been found near the summit of Mt. Erebus (Ugolini, 1967), on Mt. Melbourne 
(Lyon and Giggenbach, 1974), and on Mt. Rittmann (Bonaccorso et al., 1991). 
Other hydrothermal vents may occur in Marie Byrd Land (LeMasurier and Wade, 
1968). 
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These sites cover no more than a few hectares but support a unique assemblage 
of organisms (Ugolini and Starkey, 1966; Broady, 1984; Broady et al, 1987; Bar- 
gagli et al., 1996), because of the combination of satisfactory moisture status, suit- 
able temperatures, pH values approaching neutral, and nutrient supply from bird 
excreta. On the surface of the ground, thin crusts of algae and bryophytes grow at 
temperatures between 10 and 50®C. Within the soil, a rich population of bacteria, 
fungi, actinomycetes, and yeasts occurs. Most of the organisms are similar to 
those in other Antarctic soils, but some of the bacteria are thermophilic, capable 
of surviving at temperatures up to 70®C. 

Thermally heated ground provides a habitat for organisms normally unable to 
survive in the rigorous Antarctic environment. The sites provide niches in which 
organisms from outside Antarctica can colonize and spread. However, the transi- 
tory nature of patches of heated ground means that communities have little time to 
establish themselves before the activity moves to another site. The greatest danger 
here is that thermally heated ground could provide a suitable habitat for exotic 
species introduced by visitors from outside the Antarctic. 



6. Organic Matter Content of the Soils 

Because of the very low biomass and metabolic activity of the Arid Cryosols of 
the Transantarctic Mountains, the organic carbon contents are extremely low. For 
the range of soils extending from the southernmost occurrence of soil in the world 
(Cameron, 1971) to the McMurdo Sound region, carbon contents range from 0.02 
to 0.08%, except where carbonaceous material occurs in the parent material 
(Claridge et al., 2000). The nature of the organic matter has not been character- 
ized, as quantities are too small. Much of the carbon measured is expected to be 
living matter, such as algae or bacteria. It is impractical to measure organic nitro- 
gen contents, because of the large amounts of inorganic nitrogen present in the 
soils as nitrate salts 

Even where organic matter accumulates, such as in algal peats around shallow 
ponds and in depressions, there are no recorded attempts to characterize the nature 
of the material, such as have been made for some soils of coastal Antarctica 
(Beyer et al., 1997). The total mass of carbon in arid Cryosols has been estimated 
at 15 megatonnes, an insignificant figure in comparison with the world figure or 
even with the 100 megatonnes estimated for the soils of coastal Antarctica or the 
600 megatonnes in the soils of the Antarctic Peninsula (Claridge et al., 2000). 

More work has been done on the composition of penguin guano in omitho- 
genic soils, which cover about 0.04% of the ice-free area of Antarctica. They con- 
tain up to 25% carbon, 16% nitrogen, and 3% phosphorus, very different from 
other Antarctic soils, or indeed from soils of temperate regions, although they re- 
semble guano deposits in other parts of the world (Speir and Cowling, 1984; Or- 
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chard and Corderoy, 1983). Despite their limited extent, these soils contain in to- 
tal about 3.5 megatonnes of carbon. 

In the event of an amelioration in the Antarctic climate due to climatic warm- 
ing, the pattern of vegetation in coastal regions of Antarctica should spread farther 
south. Unless the temperature warms to a very great extent, moss and lichen 
patches, at present of very limited extent on the arid Cryosols, would only expand 
and thicken to a limited extent, allowing the soils under them to thicken and or- 
ganic matter content to increase. Thus a climatic warming can be expected to in- 
crease the amount of carbon contained in the soils and thus provide a sink, al- 
though very small, for greenhouse gases. 



7. Conclusions 

In the arid Cryosols, the influence of the organic cycle and of the organisms that 
make up that cycle is extremely small. Most of the soils, although not devoid of 
living matter, contain such a relatively small number of organisms and such a lim- 
ited range of species that their presence can barely be detected by the carbon con- 
tent of the soil. The organisms exert almost no influence on soil-forming proc- 
esses, apart from some weathering of rock surfaces by lichens. 

However, as conditions for life become more suitable, in scattered and isolated 
spots with sufficient moisture, small plant communities can form and the organic 
content of the soil increases. Although the number of plant and animal species in- 
creases in such communities, there appears to be little or no accumulation of hu- 
mus, in contrast to that of some of the soils of the warmer coastal regions of the 
Antarctic continent which Beyer and Bolter (1999) described. 

While the Arid Cryosols are not devoid of life, they can be regarded as soils in 
which the influence of living matter on soil development is almost completely 
negligible. 
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1 . Introduction 

This chapter discusses: 

1 . the microclimatic differences and seasonal thawing dynamic of soils 

2. the dynamics of redox conditions and of the chemical composition of soil solu- 
tions 

3. the primary productivity of plant communities in separate elements of sim- 
plexes 

4. the connection between biodiversity and soil-vegetative cover in complex struc- 
tures 

5. the possible influence of global climate changes on tundra soil cover and on pri- 
mary productivity. 

Our research focused on Cryosols, illustrated by spotty and hummocky tundra 
(nano-relief) and complex bogs (micro-relief). 



2. Materials and Methods 

Among Arctic sectors, the Taimyr territory’s climate is the most continental, with 
an average annual temperature of -13. 4^C, average summer temperature of 10 to 
13^C, and annual precipitation of 297 to 344 mm. The entire territory is within the 
perennial permafrost area. Regional and stationary soil investigations (along with 
botanical and zoological research) began in West Taimyr in 1966, as part of the 
International Biological Program. In East Taimyr, investigations began in 1978. 
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The West Taimyr investigations have been carried out mainly in the Pyasina 
river basin (7P25^n.l. - Agapa river mouth - the north border of the south tundra; 
Tareya river mouth - 73^14'' n.l. - typical tundra). The East Taimyr investigations 
have centered on the Bikada monitoring station (the east coast of Taimyr lake, 
typical tundra, 74^50^n.L, 105^30^e.L). 

Cryosols are weakly acid; gleyic horizons, especially in spot soils, are some- 
times neutral. These soils show a high degree of base saturation (80 to 90%) and 
high humus content (2 to 5%) within all the seasonal thawing layer. Cryosols of 
complex bogs have a lower degree of base saturation (40 to 60%) and a more acid 
reaction (pHj^ 2 o lower than 5. 2 to 5. 6 ). Organic matter content is higher than in 
Cryosols (the loss after ignition is 30 to 70%). In large degree, the mineralogical 
composition of the parent material, in which montmorillonite predominates in the 
clay fraction, defines the soil chemical features (Vassiljevskaya, 1981; Everett at 
al., 1981). 

All of the seasonal dynamic investigations were carried out with soils of main 
tundra types at monitoring stations only in the summer. The investigation took 
into account the structure of the soil complex. 

The authors studied the soil temperature regime at Agapa monitoring station 
during the summers of 1967 through 1970 (Vassiljevskaya et al., 1974; Vassil- 
jevskaya, 1980). The observations covered the parts of the second floodplain ter- 
race and floodplain terrace slopes of different exposition, and they used mercurial 
thermometers. We made similar observations at the Tareya monitoring station of 
the Komarov Botanical SA USSR Institute (Romanova, 1978). We measured the 
thickness of the active layer (AL) with a sharp metallic pivot for all elements of 
permafrost complexes, making 50 replications. 

For studying gley process dynamics and the intensity of gleyzation by some 
quantitative indexes, we determined mobile forms of iron and redox indexes. On 
every element of relief soil samples, we collected from two depths, 0 to 10 and 20 
to 40 cm., with 5 replications. We extracted the mobile forms of iron by shaking 
freshly collected soil samples with O.ln 112804 ( 1 : 10) for 5 minutes. 

We determined protoxide forms of iron colorimetrically by a, a' dipiridil and 
determined trivalent iron by titration with trilon B in the presence of sulphur- 
salicile acid. We measured redox potential (ORP) by potentiometer, with platinum 
and combined chlorine-silver electrodes. We brought the small, freshly collected 
monoliths from soil horizons into the laboratory in polyethylene packets for meas- 
uring with a constant temperature of 18^C. 

We collected the samples for wringing out soil solutions in July through August 
of 1968 at Agapa monitoring station territory and from May to August of 1969, 
June to August of 1970, and June to August of 1971 to 1973 at Tareya monitoring 
station. We collected samples for ten days. These samples were combined of sam- 
ple parts, equal in size, collected from all depths of the horizon, all five parts being 
homogeneous. We wrung out soil solutions under 150 ATM, with an hydraulic 
press. 

The soils investigated were from spotty and hummocky tundra and complex 
bogs. Information about the soil solution composition of the Agapa monitoring 
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station was published first by V. V. Ivanov (1970) and, about the Tareya station, 
by V. D. Vassiljevskaya and G. A. Kolpashikova (1978). 

We calculated above-ground plant biomass for the 50X50 cm plots for above- 
moss store and 25X20 cm plots for the living moss layer. We replicated tests 20 to 
30 times for every tundra type. We determined a preliminary ratio between coeno- 
elements preliminarily. We collected hay samples separately for every coeno- 
element, after calculating the average weighted value. We considered the lower 
border of living moss tissues to be the border between above- and below-ground 
plant biomass. We sorted the living above-ground parts by species and calculated 
the dead above-ground residues separately. We defined below-ground plant bio- 
mass for every 10-cm layer, using the special bore; we cleaned the samples on a 1- 
mm soil sieve. 



3. Results and Discussion 

3.1. Temperature regime 

The temperature of soil and of air near the soil are the most important ecological 
factors in the Arctic. The temperature regime affects the floristic composition of 
plant communities, the biology, ecology, and productivity of tundra plants, and the 
composition and spatial distribution of plant biomass. Temperature also plays an 
important role in soil formation. The thickness of the active layer, the intensity of 
mineralization from fallen leaves, the rate and intensity of chemical reactions, and 
other processes within soil also closely connect with soil climate. Our investiga- 
tion has shown that air temperature at 1.5 m above different tundra types within 
the geomorphological profile is rather uniform: the changes are not over .OPC. 
The highest temperature in July (among observation years) was about 10 to 15^C 
and in August the average monthly air temperature did not exceed 7 to 8^C. 

The most rectilinear connection between air and soil temperatures occurred at a 
5-cm depth under bare soils (r =0. 98). Under plant cover, the correlation between 
soil and air temperatures is lower even at 5 cm deep (r = 0. 71 to 0. 79). The influ- 
ence of the constantly frozen layer on the temperature regime of Cryosols AL in- 
creases away from the surface. The correlation coefficient decreases most clearly 
on plantless plots; the permafrost’s influence on the daily temperature dynamic is 
lower for soils with an organic horizon. 

American scientists calculated the correlation coefficient (0. 90) between soil 
surface (Y) and air (X) temperatures for tundra of the Prudho Bay monitoring sta- 
tion (Brown at al., 1975). The regression equation is y=0. 755x +3. 6. 

No sharp differences occur between temperatures of plantless spots and moss- 
covered spots, although it is important to note the higher heating later. A very 
rapid decrease in soil temperature occurs with a decrease in air temperature. 
Commonly, for all seasons, permafrost thus plays a predominant role in the forma- 
tion of the soil AL temperature regime. When estimating the course of the average 
daily soil temperature for different tundra types, one must note its correlation with 
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air temperature and that soil temperature drops behind regularly (at the 5- to 10- 
cm depth), to 2 to 3^C under bare spots and to 2 to 5^C under moss. 

Nacano and Brown (Nacano and Brown, 1972) constructed the mathematical 
patterns for thermal regime of tundra soils of the Barrow monitoring station 
(Alaska). These authors determined a close connection between the temperature 
regime of Cryosols and organic horizon depth, and between temperature regime 
and organic matter content and the intensity of heat diffusion by organic and min- 
eral horizons. They found a good coincidence of results between soil temperatures 
observed in the field and those calculated for different depths and fixed AL thick- 
nesses. 

Romanova (1978) investigated the daily temperature dynamics of soil and air 
temperature changing within nano-slopes in complexes. The differences in tem- 
perature regime between slopes of different ascent of northern and southern expo- 
sures are present very strongly in nano-relief (Table 4.7.1). 

Comparisons between soil temperatures of bare spots and parts with vegetation 
reveal that moss cover plays a heat-isolating role. In spite of relatively higher heat- 
ing, soil temperature under the moss cover (at all depths) is essentially lower. 
These parts thaw later and weakly. Generally, the temperature regime of plantless 
spots in comparison with adjacent plant-covered parts is more favorable (during 
the summer), and bare spots thaw earlier. This explains why bare-spot soil is rich 
in living roots that penetrate from adjacent plant-covered parts and why soil fauna 
is relatively various here. In loamy Cryosols of spotty dwarfshrub-moss tundra at 
the Agapa monitoring station July 15 to August 30 (1968 through 1970), the soil 
temperature under the plant cover was 5^C at 5 cm and 2 to 6^C at 35 cm, and, un- 
der the bare spot, was, respectively, 8.9^C and 3.8^C. 

Thawing permafrost or changing AL thickness during the growth period plays a 
leading role in creating conditions for soil-forming processes and for vital activity 
of soil invertebrates, microflora, and lower and higher plants. Within micro- and 
nano-complexes, the differences in AL thickness regulate the migration processes 
of compounds. During the summers 1968 through 1970, we investigated a number 
of chemical and physico-chemical soil features to study the dynamics of thawing. 

Loamy soils of spotty shrub and dwarf shrub-sedge-moss tundra, watersheds, 
and terraces thaw on average for 70 to 80 cm. Soils of hummocky dwarf-shrub- 
sedge-moss tundra on watershed slopes have a coarser texture and thaw for 60 to 
70 cm. Soils of hummocky cottongrass-sedge-moss boggy tundra thaw for 50 to 
60 cm. In complex bogs, thawing doesn’t exceed 40 to 50 cm. Sandy soils of 
floodplains have the deepest seasonal thawing (100 cm and more). 



Table 4.7.1. Differences in soil surface temperature (®C) between northern and southern 
nano-relief slopes (July, Romanova, 1978). 



Time 


Ascent of nano-slope, Degrees 














5 


10 


15 


20 


25 


30 


35 


40 


Day 


4-5 


7-8 


11-12 


14-16 


18-20 


22-24 


26-28 


32-34 


Night 


-1 


-1.5-2. 0 


-2.0-2.5 


-3.0-3.5 


-4 


-5 


-6 


-7 
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We calculated the correlation coefficient between the seasonal thawing level 
for cracks and for plantless spots with extensive data from Agapa station spotty 
tundra. The connection between these indexes is rather close (r = 0,95). The re- 
gression equation is: 

y=l. llx-16. 30. 

During the initial soil-forming stages in tundra rivers and floodplains formed 
with lightly textured alluvium and covered with thinned vegetation (grass-forbs 
meadows), the thawing level is homogeneous. When polygonal bogs develop with 
sedge-moss vegetative cover and permafrost microrelief (higher floodplain), the 
thawing level in the polygon-hummock system begins to vary markedly, forming 
soil complexes, which differ in thawing depth. On the terraces and flat surfaces 
with spotty and hummocky tundra, contrasts in seasonal thawing of separate nano- 
complex elements become greater, due to the irregularity of their organic horizons 
and vegetative cover distribution. This has a pronounced effect on the seasonal 
dynamics of soil processes. 



3.2. Redox regime 

Among tundra types (especially for organogenic horizons), regular moisture dis- 
tribution increases from elluvial landscapes with crack-polygonal and hummocky 
tundra to accumulative landscapes (polygonal or flat paisa bogs). Within the com- 
plexes such as crack-border, crack-paisa, and polygon-border, redistribution of 
moisture occurs, and moisture content is lower in nano-ridge soils and higher in 
nano-depressions. Such distribution is typical mainly for organic humus- 
accumulating horizons; in mineral horizons, these differences are less expressed. 
Moisture changed comparably little over the years of our observations. The peat 
horizons of polygonal bogs have the greatest moisture content (120 to 800%). 
Gleyic horizons of bog soils have moisture content of about 40 to 80%. Gley hori- 
zons of spotty and hummocky tundra are the driest among clay and sandy loam 
soils ( 20 to 30%). 

While completing the morphological description of tundra loamy soils pits, we 
observed mineral horizons with different visual signs of intensity of gleyzation — 
dark grayish brown (2. 5Y4 /2), dark bluish gray (5B3 /I), olive-brown (2. 5Y 4 
/4), dark greenish gray (lOG 4 /I), bright blue, light olive-brown (2. 5Y 5 /4), and 
other colors of horizons. Among the pits, the profile of p. 251, Stagni-Turbic 
Cryosol (Humic), is least gleyic. In the spotty tundra soil profile under the bare 
spot, gleyzation signs are less expressed, probably due to improved aeration due to 
less organic matter content and less moisture. In spotty polygonal tundra (p. 258, 
Turbi-Saprihistic Cryosol [Stagnic]), the signs of gleyzation are clearer (olive 
color, bluish-gray and ochric spots). In most gley soil of p. 253 - Turbi Fibrihistic 
Cryosol (Gleyic), we observed, from a 20-cm depth, a bluish-gray clear gley hori- 
zon (G), both on hummocks and in depressions (this isn’t the horizon described 
for other profiles). 
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In summer, the content of forms of iron protoxide is lowest in the soils of wa- 
tershed spotty nano-polygonal tundra — less than 10 mg/ 100 g of dry soil, on av- 
erage (Table 4.7.2). The content of that in soils of the second over-floodplain ter- 
race spotty tundra (p. 258) is somewhat higher, 15 to 25 mg/lOOg (Table 4.7.2). 
The gley loamy horizons of spotty-hummocky tundra corresponding to slopes of 
watershed ridges is richest in protoxide forms of iron (80 to 130 mg/lOOg of soil). 
Redox potential changes in this sequence, accordingly, 500 to 600, 400 to 500, 
and 280 to 450 mV. By the end of the vegetative period, the content of forms of 
protoxide iron increases. This likely connects with the intensification of microbi- 
ological reduction processes, due to temperature increases and increasing AL 
thickness. 

The high soil moisture content in p. 258 does not show strong gleyzation, in 
contrast to p. 253. In this case, probably, the character of pores plays a part. In the 
heavily textured gley horizons of p. 253, small pores predominate, hampering wa- 
ter exchange and pore aeration, whereas in the thixotropic, especially surface, ho- 
rizons of p. 258, macro-pores predominate, which distinctly shows on dried soil 
monoliths. Redox potential (ORP) values confirm better aeration conditions, too. 

It is worthwhile to estimate tundra soils’ gley process expression in the middle 
of the vegetative period (mid-July through early August). At the end of that pe- 
riod, iron protoxide and ORP indexes smooth out. During the winter, when the soil 
is frozen, mobile iron forms also form. Consequently, directly after the thawing of 
soil, we observe, as a rule, the highest content indexes of forms of mobile iron. In 
the case of the Agapa monitoring station’s soils, iron contents directly after the 
thawing of soil were from 14 to 96 mg/lOOg (for different soils and horizons) and, 
in the middle of July, the range widened to 136 mg, demonstrating the possibility 
of dividing soils more exactly in terms of their degree of expression of gley proc- 
ess. Elaborating the row of quantity characteristics will let us divide Gleyzems 
(Gleyi-Turbic Cryosols) and Cryozems (Oxyaqui-Turbi Cryosols) more certainly. 



3.3. Migration of substances 

We investigated the migration of substances in tundra soils by analyzing soil solu- 
tions. The cryogenic processes of changes of mass and water play the essential 
role in forming the morphology and chemistry of tundra gley permafrost soils, but 
not enough research has been done on the quantitative character of these factors. 
Little information exists about the chemical composition of the liquid phase of soil 
and its change during the vegetative period and for different elements of perma- 
frost complex. In general, solution chemistry for tundra soil shows essentially 
more mineralization of mineral horizons than organic horizons (Figure 4.7.1). This 
is probably because of the poor mineralization of organic matter under the strong 
northern climatic conditions, the increasing role that mineral soil plays in the for- 
mation of soil solution, and the richer water supply of organic horizons. 

The averaged data for the composition of soil solutions in organic and mineral 
horizons show that organic horizons contain 23 mg/1 Ca^+, 10 mg/1 Mg^+, 74 mg/1 
HC03', and mineral horizons contain, respectively, 39, 19, and 121 mg/1. 
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Table 4.7.2. Dynamic of content of mobile iron forms (mg/lOOg), ORP (mV), and moisture 
(%) in the soils of Agapa monitoring station (Ivanov and Bogatiryov, 1970). 



NN of cross 
sections 


Element of 
nano-relief 


Samples collecting 
depth 


8.06.1969r 

FeO 


FejOj 


ORP 


Mois- 

ture 


251 


Spot 


0-20 


19.3 


51.5 


536 


36.4 






20-40 


17.5 


56.5 


524 


30.4 




Crack 


0-10 


41.0 


58.8 


565 


149.3 






20-40 


22.8 


27.6 


625 


30.6 


253 


Spot 


0-20 


32.9 


122.9 


516 


31.3 






20-40 


96.4 


23.4 


282 


39.2 




Crack 


0-10 


13.6 


52.6 


580 


350.9 






20-40 


37.8 


59.6 


568 


36.7 


258 


Spot 


0-20 


19.4 


31.9 


482 


24.1 






20-40 


17.5 


49.3 


571 


28.7 




Crack 


0-10 


20.9 


63.8 


577 


145.6 






20-40 


19.4 


42.4 


578 


32.5 


14.07.1969r. 


251 


Spot 


0-20 


2.1 


46.1 


504 


16.6 






20-40 


2.8 


51.9 


516 


18.4 




Crack 


0-10 


7.8 


23.3 


546 


58.4 






20-40 


3.9 


29.2 


584 


27.1 


253 


Spot 


0-20 


10.4 


97.8 


546 


27.6 






20-40 


104.1 


0.8 


288 


32.1 




Crack 


0-10 


60.3 


76.9 


263 


105.6 






20-40 


135.0 


88.4 


333 


43.2 


258 


Spot 


0-20 


16.6 


31.6 


518 


19.5 






20-40 


19.5 


32.5 


486 


21.9 




Crack 


0-10 


23.7 


42.8 


472 


84.1 






20-40 


11.9 


30.9 


564 


233 


10.08.1969r. 


251 


Spot 


0-20 


11.4 


55.4 


521 


18.4 






20-40 


9.7 


58.3 


513 


18.8 




Crack 


0-10 


37.7 


27.9 


568 


33.9 






20-40 


41.0 


249 


579 


25.3 


253 


Spot 


0-20 


24.3 


80.6 


480 


28.6 






20-40 


83.9 


62.9 


262 


31.9 




Crack 


0-10 


52.9 


77.3 


466 


39.4 






20-40 


72.4 


64.7 


422 


34.3 


258 


Spot 


0-20 


28.4 


47.3 


572 


18.8 






20-40 


34.0 


41.7 


566 


18.6 




Crack 


0-10 


59.8 


86.1 


574 


100.9 






20-40 


42.3 


56.7 


574 


209 
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Figure 4.7.1. Dynamic of the composition of soil solutions (mg/1, 0- to 10-cm depth). 

Spotty nano-polygonal tundra. Monitoring station “Agapa” (p. 251). 

Organic horizons of tundra gley soils have a more porous, finely grained tex- 
ture. During the most summer, a frost gley horizon underlies them; consequently, 
inter-soil lateral drainage (horizontal above-permafrost elluvation) goes mainly 
along these organic horizons and causes their leaching. These processes are also 
evident from the bleached fine earth in the mucky horizons of cracks and from the 
similar composition of soil solutions of organic horizons and of water springs and 
surface runoff (Vassiljevskaya, 1980). Lateral runoff affects the mineral horizons 
to a low degree. 

The upper horizons of spotty tundra at both Tareya and Agapa accumulated 
soluble compounds in uncovered spots during the winter, due to ascending migra- 
tion toward the freezing front (water migration by temperature gradient). By the 
middle or end of August, the degree of mineralization of soil solutions also regu- 
larly increased, because decomposition of organic matter increased during this pe- 
riod, simultaneously with increasing AL thickness due to thawing. The Barrow 
monitoring station on the Arctic slope of Alaska (Bilgin and Douglas, 1972) 
showed more active migration of soluble compounds into the surface runoff with 
increasing AL. 

Comparing soil solutions in different tundra types shows that solutions are es- 
sentially more mineralized in spotty and hummocky tundra soils than in polygonal 
bogs soils. 
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Soil solutions for Taimyr Cryosols change from poorly acid to alkaline. The 
Si02 concentration varies from some mg/I to 20 to 30 mg/1 without some regulari- 
ties during the vegetative period. Organic carbon content in soil solutions changed 
from 10 mg/1 in mineral horizons to 15 to 36 mg/1 in organic horizons in July and, 
respectively, from 20 to 100 mg/1 in August. 

The seasonal dynamic investigations not only let us see the differences in the 
character of processes in tundra gleyzems and bare-spot soils, but also let us con- 
firm the presence of close soil-geochemical conjugation in the migration of com- 
pounds within soils composing the soil-permafrost complex. Once freezing has 
begun, during all winter the compounds migrate toward the coldest surface (sur- 
face of spot soil) in frozen soil. This process includes also the soil under vegeta- 
tion, though cooling of surface and upper horizons is essentially less here. 

Due to spring thawing, the permafrost level under the bare spot takes on a cup 
form. The water migrates from the thawed part of the spot soil profile into frozen 
horizons, including still frozen soils of cracks. At the same time, intensive flow 
occurs along the soil surface in hollows. Maximum soil thawing and equalization 
of thawing levels cause alternate processes of migration of moisture and soluble 
compounds in the system of adjacent soils, up to the dry crust of the spot (during 
the hot weather) and down to the freezing front (when precipitation occurs). At 
this point, a horizontal over-permafrost elluvial process occurs along the organic- 
accumulative horizons and leveled plots, alternating the migration of compounds 
from the bare spot to a complex element with plant cover (Figure 4.7.2). 



3.4. General biodiversity, plant biodiversity, and primary productivity 

General biodiversity, plant biodiversity, and primary productivity represent the in- 
tensity of ecosystems functioning in strong Arctic conditions. We observed the 
connection between plant diversity and definite soil type for Taimyr tundra. The 
highest vascular plant diversity occurred in locations characterized by prevalent 
Himi-Gelic Leptosols. Vascular plant diversity decreased with intensified cryo- 
genic processes, increased moistening, and development of gley process. Thus, 
54% of 427 vascular plants species, constituting the East Taimyr flora, occur 
mainly on the drained, deeply thawing soils of mountains, hill tops, and river 
banks, 32% occur on Gley-Turbic Cryosols of flat watersheds, and only 13% on 
Humi-Gelic Cryosols of waterlogged locations. The converse tendency applies for 
mosses. 

Many authors (Pospelova, 1974, 1989; Vassiljevskaja et al., 1975; Pospelova, 
Vassiljevskaja, 1985) have investigated tundra’s primary productivity. Data are 
available about the reserve and structure of phytomass for 15 plant communities of 
West Taimyr (south tundra) and for about 50 of East Taimyr (typical tundra). Of 
these, we investigated 35 for structure of underground and above-ground phy- 
tomass and the rest for underground phytomass. Associations are given by Mat- 
veeva’s classification (Matveeva, 1998). 
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Figure 4.7.2. Seasonal mass and moisture exchange in a polygonal-crack complex of a 
slightly gleyed Tundra gley Earth (A) and soil of a spot (B). I. Frozen soil (late autumn, 
winter). II. Spring thaw. III. Maximum thaw (end of summer). I. Shrub-moss plant cover. 

2. Thawing depth. 3. Direction of movement of moisture and water-soluble components. 4. 
Surface runoff or horizontal suprapermafrost elluviation. 

The values of general reserve (GR), which includes leavings and dead parts, 
vary from 3200 to 4800 g/m^ for zone communities of spotty dwarfshrub-sedge- 
moss tundra (ass. Carici arctisibiricae - Hylocomietum alascani; Matveeva, 
1994) on weakly acid tundra gley soils of typical and south tundra (the least value, 
2000 to 2500 g/m^, is typical for hilltop communities, where bare spots cover 
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about 30% of the area). Above-ground plant biomass (APB) is 7 to 10% of GR 
here. With increasing shrub activity, increasing linear thermokarst, and increasing 
gley process on slopes, GR reaches 5000 to 7000 g/m^, and APB, respectively, 
reaches 10 to 15%. For ass. Sphagno-Eriophoretum vaginati subass. typicum 
(Walker et al., 1994) on the same, but more gleyed and more heavily textured soils 
(only in the south tundra of West Taimyr), GR is 8211 to 9354 g/m^, including 
APB of 6 to 7%. The lesser values of GR are typical for communities of intrazonal 
ass. Rhytidio rugosi-Dryadetum punctatae (Matveyeva, 1998), which is distrib- 
uted on drained neutral soddy soils of gravel and sandy outcrops, 3200 to 4500 
g/m^, but the APV part is highest here, 13 to 18%. 

In the intrazonal complexes of polygonal bogs communities (ass. Meesio tri- 
quetris - Caricetum stands; Matveyeva, 1994; Poo arcticae-Dupontietum fisheri; 
Matveyeva, 1994) on acid and over-wetted Humi-Gelic Cryosols, GR is from 
7000 to 14000 g/m^, depending on the ratio of complex elements areas, which is 
connected with the development stage. The part of APB in typical tundra subzone 
is 4 to 5% and, on more shrub-covered bogs of south tundra, 10 to 15%. For 
azonal vegetation of flood-plains on neutral drained alluvial soils, GR is 3000 to 
5000 g/m^ (meadows) and 10000 to 12000 gIvcP (willows), and APB is 3 to 5% in 
both cases. 

Underground biomass sharply predominates in GR for all phytocoenoses. The 
main root mass concentrates in organic horizons (3000 to 6000 g/m^) or in the up- 
per mineral horizons of bare spots (800 to 1000 g/m^); in gley horizons of all tun- 
dra types, it doesn’t exceed 100 to 200 g/m^. 

These data indicate a rich geochemical background which provides high phy- 
tomass values in comparison with other Arctic and subarctic regions (Wielgolaski, 
1970; 1981). It probably results from solids flowing from Byrranga, where weath- 
ered limestones are distributed widely, as well as from rocks, represented by the 
montmorillonite clays of Holocene transgressions. 

We also recognized some general regularities, such as above-ground phytomass 
of main plant dominants depending on micro-ecotops features, in particular on soil 
chemical features, which characterize deflnite micro- and nano- relief elements. 

We observed the highest biomass values for Salix arctica (more than 100 g/m^), 
for legumes (30 to 50 g/m^), and for mosses Rhytidium rugosum, Rhacomitrium 
lanuginosum on neutral soils that were becoming weakly alkaline in lower hori- 
zons (pH is accordingly 6 to 7 and 7 to 8), and on non-gleyzated and poorly 
gleyzated soils, which have a high degree of base saturation (V is 80 to 90% in or- 
ganic horizons and 95 to 99% in mineral horizons). These soils also have high 
K^O content for all profiles (20 to 40 mg/100 g) and high content of Pp^ — 20 to 
30 mg/lOOg in lower (sometimes also in upper) horizons. These are Cryozems 
(Oxyaqui-Turbic Cryosols) of high bare spots, borders, and rims, located in 
drained watersheds and slope borders. The same conditions are optimal for Dry as 
punctata and Hylocomium splendens moss; although these dominating species are 
characterized by a wide ecological amplitude, the tendency of prevailing mass ac- 
cumulation in the described conditions is rather clear. 

The main Taimyr tundra dominant, Carex arctisibirica, appears almost every- 
where, but the highest biomass (APB more than 20 g/m^) occurs for more acidic 
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(pH 6 to 6.5 for al profile) and less base-saturated soils (V is 70 to 85% in organic 
horizons and 80 to 90% in mineral horizons) with lower and inconstant phospho- 
rous and potassium content (3 to 13 and 6 to 15 mg/lOOg accordingly) - the soils 
of flat watersheds spotty tundra. 

The optimum Salix pulchra biomass accumulation (APB is more than 50 r/m^) 
corresponds with bog elevations and gentle damp slopes. Soil cover is Gleyzems 
(Gleyi-Turbic Cryosols) or Peaty Gleyzems (Turbi-Histic Cryosols). These are 
more acid (pH is 4 to 5.5 for all profiles), and the degree of base saturation is low 
(20 to 50% in organic horizons, changing in mineral horizons). P 2 O 5 content is 
also low, not higher than 14 mg / 100 g in the mucky horizon; K^O content in or- 
ganic horizons changes from 10 to 20 mg/lOOg (the bogs) to 30 to 40 mg/lOOg 
(dell complexes); in mineral horizons, it is not higher than 10 mg/lOOg. Salix rep- 
tans, Tomentypnum nitens moss, and Ptilidium ciliare moss appear in the same 
conditions, but their amplitude is rather wider. 

Carex stans and Limprichtia revolvens and Meesia triquetra mosses are drawn 
to Cryic Histosols of wet bog polygons, thermokarst depressions, and deep dells. 
APB values of C. stans attain 30 to 50 give? here. The chemistry of these soils is 
similar to that of the latter (pH is 4 to 5, V is 20 to 40% and 5 to 30% respectively, 
and lower phosphorous and potassium content), but they are wetter and the peat 
horizon thickness is higher (18 to 20 cm in contrast with 7 to 12 cm on eleva- 
tions). 



3.5. Probable changes due to a globally warming climate 

A steady average annual temperature increase, especially because of winter warm- 
ing and an increase in snow thickness, probably will reduce the area of polygonal- 
crack complexes, because more favorable conditions for plant existence can cause 
intensive overgrowing on plantless spots. Degradation of ice- wedges can cause in- 
creasing thermocarst and its movement toward the north, but an increase in plant 
biomass reserve can, to some degree, hamper this process. 

Biological turnover due to warming will change the character of the biogeo- 
chemical cycles of some elements. Additional carbon will be emitted into the at- 
mosphere. More intensive elements will be removed from autonomic landscapes 
to accumulate in the increasing AL thickness and elluvate laterally and horizon- 
tally. 

If the predicted average annual air temperature increase of 5^C occurs, the in- 
creasing percentage of elluvial-illuvially differentiated soils (Gelic Gleysols) in 
soil combinations, where Cryosols and Histosols predominate now, will be quite 
probable. Currently existing relicts of the mid-Holocene climatic optimum con- 
firm this. Podzols, characterized by white bleached horizons with a thickness of 
about 20 cm (Ivanov, Sopina, 1980), are distributed in Arctic regions on sandy 
substrata. 
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4. Conclusion 

The hydrothermal regime of spotty and hummocky tundra soils for different mi- 
cro-combinations is formed rather stereotypically, in spite of concrete differences 
in separate forms of soil-permafrost complexes. This fact causes the similarity of 
horizontal and vertical migration processes within complexes in seasons; i.e., 
causes their similar fimctional pattern. 

For example, in hummocky complexes, the salient element of micro-relief 
(hummock, tussock, border), the crack-nanopolygonal or the center of the polygon 
(or bare spot), results from rapid spring-summer warming and autumn-winter 
cooling. Most inert in the hydrothermal regime are the spaces between hummocks 
in hummocky complexes and the cracks in polygonal and crack-polygonal com- 
plexes. Consequently, there are temperature and moisture gradients within soil, 
and different rates and depths of thawing. And these influence the direction and 
intensity of the migration of water and compounds between complex elements 
(and to the outside of the complex). 

Therefore, during the spring thaw, lateral and descending migrations are most 
expressed in the most heated part of the complex (the center of the polygon, hill- 
ock, border) and in locations towards adjacent soils (the outside of the polygon 
and the crack, the middle of the micro-bog, and the crack in a polygonal complex). 
At the same time, there are inner migration processes in crack polygonal com- 
plexes, mainly vertical migrations. 

During the autumn-winter freezing, the flows of moisture and compounds are 
directed conversely, towards salient elements of relief and the nano-polygon cen- 
ter. However, in spite of the similarity of functional patterns, different complexes 
differ in period, intensity, and length of migration, as well as in quantitative and 
qualitative composition of transported compounds and moisture (Vassiljevskaya et 
al., 1993). Because of increasing temperature during the vegetative period and in- 
creasing AL thickness, the processes of migration of water-soluble compounds 
become more intensive, and the mineralization of soil solutions increases. Climate 
fluctuations probably will influence most such dynamic short-term processes as el- 
luvial-gleyzation migration, migration and mobilization of organic matter, iron, 
and aluminum, and processes of descending, lateral, and ascending migration, in- 
cluding biogenic migration (Vassiljevskaya and Pervova, 1995). 
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Soil classification is the basis for communication not only among soil scientists, 
but also among all those people who are involved with soils for various purposes. 
Soil classification is helpful for a common understanding of soil properties, soil 
processes, and soil conservation. In the 1880s, the Russian geologist, V.V. Do- 
kuchaev, made it possible to classify soils separately from rocks, vegetation, and 
climate, on the basis of the soils’ own genetic features. Currently, a number of na- 
tional classification systems are used in various countries. 

In temperate regions, a major purpose of soil classification is land use and land 
management. In polar regions, however, land use is of minor interest and, thus, in 
most countries except Russia and Canada, soils of these regions have been ne- 
glected for many years. Russia, which has the world’s largest area of permafrost, 
included permafrost-affected soils in their soil classification schemes at different 
taxonomic levels. Several revisions of these schemes have been developed (see 
this section’s Chapter 2, by Mazhitova). In Canada, the Cryosolic Order was de- 
veloped in the early 1970s for classifying soils in permafrost regions and it has 
been revised several times (see this section’s Chapter 1, by Tamocai). 

Since the early 1990s, polar regions and, therefore, permafrost-affected soils 
have become of greater interest not only to the scientific community but also to 
the public, because of global change. Predictions concerning changes in carbon 
cycling and carbon storage, for example, can be made only with knowledge of 
these soils, since Cryosols can act as either carbon sinks or carbon sources, de- 
pending on the type of soil. The increasing importance of permafrost-affected soils 
led to a wider interest in their classification, with one result being that soil scien- 
tists in the USA wanted to include those soils in their soil taxonomy. After estab- 
lishment of the International Committee on Permafrost-affected Soils (ICOMPAS) 
in 1993 and intense international collaboration between cryopedologists, the new 
Gelisol Order was created (see this section’s Chapter 3, by Ahrens et al.). 

Parallel to the activities in North America, European soil scientists working on 
the World Reference Base for Soil Resources (WRB), which is intended to be the 
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international reference base for classification of soils, included the Cryosols as a 
major soil group in this classification system. Revisions are still under discussion 
(see this section’s Chapter 4, by Tamocai et al.), but acceptance of permafrost- 
affected soils within the WRB would be a big step toward correlating permafrost- 
affected soils among national classification systems. 




Chapter 1. Classification of Cryosois in Canada 



Charles Tamocai^ 

^Research Scientist, Agriculture and Agri-Food Canada, Research Branch 
(ECORC), K.W. Neatby Building, Rm. 1135, 960 Carling Avenue, Ottawa, Cana- 
da, K1 A 0C6; e-mail tamocaict@agr.gc.ca . 



1. Introduction 

The Canadian System of Soil Classification (Soil Classification Working Group, 
1998), Canada’s national system, classifies soils according to their measurable 
properties. The classification is hierarchical, having soil orders at the highest level 
and great groups and subgroups at lower levels. Families and series are also part 
of the classification. 

The current Canadian soil classification includes ten soil orders, one of which is 
the Cryosolic order. This order was developed in the early 1970s for classifying 
soils in the permafrost regions of Canada (Tamocai et al., 1973a and 1973b) and 
soon was accepted and incorporated into the Canadian System of Soil Classificati- 
on (Canada Soil Survey Committee, 1978). This group of soils, whose genesis is 
dominated by cryogenic processes, has formed in mineral or organic materials that 
have permafrost within one meter of the surface, or within two meters if the active 
layer of the pedon has been strongly cryoturbated, as indicated by disrupted, mi- 
xed, or broken horizons. Their mean annual soil temperatures are < 0°C. Differen- 
tiating Cryosois from soils of other orders involves either determining or estima- 
ting the depth to permafrost. 

Soils of the Cryosolic order cover approximately 35% (2.5 x 10^ km^) of the land 
area of Canada (Tamocai, 1998) and occupy much of the northern third of the 
country, where permafrost exists close to the surface in both mineral and organic 
deposits. They predominate in the Arctic, are dominant in the Subarctic and nor- 
thern boreal forest areas, and extend into some organic materials in the southern 
boreal forest and into some alpine areas of mountainous regions. Cryoturbation of 
these soils is common and may be indicated by such patterned ground as earth 
hummocks and sorted and nonsorted nets, circles, polygons, and stripes. 

This chapter describes the use of the Canadian System of Soil Classification to 
classify these permafrost-affected soils (Cryosois). In addition, it describes the pe- 
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don, the basic soil unit used for the classification, and its use for describing, 
sampling, and classifying Cryosolic soils. 



2. The Pedon (the Basic Soil Unit) 

2.1. Definition 

The pedon, the basic soil unit, is the three-dimensional unit on which the classifi- 
cation of all soils is based. Its relevance is most apparent in Cryosols, since patter- 
ned ground generally is associated with the permafrost terrain in which many of 
these soils occur. Patterned ground is a collection of repeating individual landsca- 
pe units, about one to two meters in width, having the same general internal and 
external (microrelief) morphology. These landscape units therefore provide 
naturally occurring units, or pedons, that are used for classification. The vertical 
extent of this pedon (also called the control section) is one meter for noncryotur- 
bated (Static and Organic) Cryosols and two meters for cryoturbated (Turbic) 
Cryosols. 

The pedon concept is particularly important for Turbic Cryosols, which generally 
exhibit cyclic variation. For example, in the case of circles, the intercircle area that 
forms the perimeter of the circle delimits the patterned ground unit. Even though 
the profiles beneath the circle and the intercircle area differ markedly, this variati- 
on is cyclic and occurs repeatedly over the landscape. 

The pedon of a nonsorted circle in Figure 5.1.1 shows this. The diameter of the 
circle is measured from the midpoint of the intercircle area on one side of the cir- 
cle to its midpoint on the other side. If this diameter is no greater than two meters, 
the full cycle forms the pedon (Figure 5.1.1). If the circles are farther apart, so that 
a full cycle is two to seven meters in diameter, the pedon includes half a cycle, 
extending from the midpoint of the circle to the midpoint of the intercircle area. If 
the circles are still farther apart, so that the lateral dimension of the cycle is greater 
than seven meters, two pedons are identified, one associated with the circle and 
the other with the intercircle area. 

This is also common with low- and high-centered lowland polygons and large ice- 
wedge polygons. In these types of patterned ground, one pedon characterizes the 
polygon trench area, including the ice wedge, while the second characterizes the 
central part of the polygon (Figure 5.1.2). Figure 5.1.3 shows examples of four 
cryoturbated pedons of nonsorted circles and earth hummocks, two very common 
types of patterned ground. Figure 5.1.4. shows examples of two noncryoturbated 
pedons. If no patterned ground exists, the pedon is established by arbitrarily choo- 
sing a lateral distance of one to two meters. 
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Figure 5.1.1. Diagram showing the location of the pedon of an Orthic Turbic Cryosol in a 
nonsorted circle type of patterned ground. 



2.2. Using the pedon to describe, sample, and classify soils 

The type and size of the patterned ground predetermine the location of the soil 
trench used for describing and sampling permafrost soils. A soil trench is dug to 
expose the full lateral extent of the pedon. The perennially frozen part of the pe- 
don is excavated using a power hammer or a power-driven corer drill (Tamocai, 
1993). 

As soon as the soil profile is exposed, a grid is placed on the profile and an accu- 
rate cross-section drawing is prepared (Figures 5.1.3 and 5.1.4). This cross-section 
includes all morphological features, such as the soil surface, permafrost table, soil 
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horizon boundaries and designations, intrusion of materials, oriented stones, and 
other macromorphological features. Photographs (Polaroid, digital, and/or color 
slides) are taken at this time. 

The soil then is described according to standard soil description procedures. This 
description generally differs from soil descriptions prepared for temperate soils 
because the soil horizons are not arranged in a continuous sequence of depth from 
top to bottom. Instead, the minimum and maximum horizon thicknesses are recor- 
ded for all soil horizons. In order to understand a cryogenic pedon with its com- 
plex soil horizons, the pedon description must always be used in conjunction with 
the cross-section diagram. 

The soil then is classified and sampled for the full extent of the pedon. Bulk den- 
sity and thin section samples are taken from the identified soil horizons, and the 
locations of these samples are marked accurately on the cross-section diagram. 
Similarly, composite samples are taken from all of the identified soil horizons. 
These samples are used for physical and chemical analyses. 



GOC MOC GOG 



High centre 




Figure 5.1.2. Schematic diagram of a high-centered lowland polygon showing the locations 
of the Glacic Organic Cryosol (GOC) in the ice wedge area and the Mesic Organic Cryosol 
(MOC) in the remaining portion of the polygon. 
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Figure 5.1.3. Cross-sections of cryoturbated soil profiles. Profiles Y32 (Histic Regosolic 
Turbic Cryosol; lat. 64° 36' N, long. 126° 23' W), Y66 (Gleysolic Turbic Cryosol; lat. 68° 
55' N, long. 137° 50' W) and Y 104 (Brunisolic Eutric Turbic Cryosol; lat. 68° 57' N, long. 
133° 48' W) are associated with earth hummocks, while profile DKl (Orthic Eutric Turbic 
Cryosol; lat. 66° 06' N, long. 94° 21' W) is associated with nonsorted circles. Horizon desi- 
gnators follow the Canadian System of Soil Classification (Soil Classification Working 
Group, 1998), where “y” indicates a cryoturbated and “z” a perennially frozen horizon. 
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3. Soil Horizons and other Layers 

Mineral horizons contain 17% or less organic carbon while organic horizons con- 
tain more than 17% organic carbon. For Cryosols, the major characteristics of the- 
se horizons and layers are listed below. 

Mineral horizons and layers 

A - mineral horizon generally forming at or near the surface in the zone of accu- 
mulation of organic matter (Ah) or of leaching or eluviation (Ae). 

B - mineral horizon characterized by the development of soil structure or by a 
change of color. Color changes include browning due to oxidation of iron (Bm) 
or mottling and gleying due to reduction (Bg). 

C - mineral parent material unaffected by pedogenic processes except for gleying 
and cryoturbation. 

R - consolidated bedrock layer. 

W - a layer of water that, in Cryosols, commonly occurs as segregated ice. 

Most common lower-case suffixes associated with mineral Cryosols 

e - a horizon characterized by eluviation. 

g - a horizon characterized by gray colors, prominent mottling, or both, indicating 
permanent or periodic intense reduction, 
h - a mineral horizon enriched with organic matter. 

m - a mineral horizon slightly altered by hydrolysis, oxidation, solution, or all 
three, to give a change in color, structure, or both, 
t - an illuvial horizon enriched with silicate clay. 

y - a cryoturbated horizon as manifested by broken horizons, incorporation of 
materials from other horizons, and mechanical sorting, 
z - a perennially frozen layer. 

Organic horizons 

O - organic horizon developed mainly from mosses, sedges, and woody materials 
and normally associated with wet conditions 
L, F, and H - organic horizons developed primarily from the accumulation of lea- 
ves, twigs, and woody materials. They are normally associated with upland fo- 
rests. 

Lower-case suffixes associated withthe O horizon 

f- an organic horizon consisting largely of undecomposed fibric materials, 
m - an organic horizon consisting largely of moderately decomposed mesic mate- 
rials. 

h - an organic horizon consisting largely of well decomposed humic materials, 
y - same definition as for mineral horizons. 
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Figure 5.1.4. Cross-sections of noncryoturbated soil profiles. Profile Y14 (Bmnisolic Eu- 
tric Static Cryosol; lat. 61° 25’ N, long. 122° 46’ W) is associated with earth hummocks, but 
12-89-83 (Gleysolic Static Cryosol; lat. 81° 28’ 50” N, long. 76° 30’ 30” W) is not associa- 
ted with patterned ground. Horizon designators follow the Canadian System of Soil Classi- 
fication (Soil Classification Working Group, 1998), where “z” indicates a perennially fro- 
zen horizon. 



4. Classification of Cryosolic Soils 

The Cryosolic order is divided into three great groups, Turbic Cryosol, Static 
Cryosol, and Organic Cryosol, This division is based on the degree of cryoturbati- 
on and the nature of the soil material, mineral or organic, as Table 5.1.1 indicates. 
Figure 5.1.2 shows a cross-section of an Organic Cryosol while Figure 5.1.3 
shows cross-sections of four Turbic Cryosols and Figure 5.1.4 shows those of two 
Static Cryosols. Brief descriptions of the great groups and subgroups, based on the 
Canadian System of Soil Classification (Soil Classification Working Group, 

1 998), appear below. 



Table 5. 1.1. Nature of materials, degree of cryoturbation, and depth to permafrost in various 
Cryosol great groups. 



Parameter 




Great Groups 






Turbic Cryosol 


Static Cryosol 


Organic Cryosol 


Soil material 


Mineral 


mineral 


organic 


Cryoturbation 


marked; usually 
patterned ground 


None 


uncommon* 


Permafrost 


within 2 m of surface 


within 1 m of surface 


within 1 m of 
surface 



*Some shallow Organic Cryosols could be cryoturbated. 
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4.1. Turbic Cryosols 

Turbic Cryosols are mineral soils that have permafrost within two meters of the 
surface and show marked evidence of cryoturbation within the active layer, as in- 
dicated by disrupted, mixed, or broken horizons, or displaced material, or a com- 
bination of both. They generally are associated with patterned ground, which in- 
cludes such cryogenic forms as sorted and nonsorted circles, nets, polygons, 
stripes, and steps in stony or coarse-textured material and nonsorted units such as 
earth hummocks in medium- and fine-textured materials. 

The pedon includes all elements of the microtopography in cycles less than seven 
meters wide. Pedogenic processes include sorting of particles of various sizes and 
mixing of both mineral and organic material from different horizons. Organic ho- 
rizons (Oy) or organic-rich mineral horizons (Ahy) are characteristically present 
near the permafrost table, and there is generally a buildup of ice in the upper part 
of the permafrost layer. 

The subgroups within the Turbic Cryosol great group are differentiated on the ba- 
sis of the type and sequence of horizons. Table 5.1.2 briefly describes these sub- 
groups. 

4.2. Static Cryosols 

Static Cryosols have developed primarily in coarse-textured mineral parent mate- 
rials, or in a wide textural range of recently deposited or disturbed sediments whe- 
re evidence of cryoturbation is still largely absent, or in both. They may have or- 
ganic surface horizons less than 40 cm thick. Static Cryosols have permafrost 
within one meter of the surface but show little or no evidence of cryoturbation or 
features that indicate cryoturbation. They may be associated with patterned ground 
features such as polygons. 

The subgroups within the Static Cryosol great group are differentiated on the basis 
of the type and sequence of horizons. Table 5.1.3 briefly describes these sub- 
groups. 



4.3. Organic Cryosols 

Organic Cryosols have developed primarily from organic material containing mo- 
re than 1 7% organic carbon by weight and have permafrost within one meter of 
the surface. They are greater than 40 cm thick or are greater than 10 cm thick over 
either a lithic contact or an ice layer that is at least 30 cm thick. Common land- 
forms associated with Organic Cryosols include paisas, peat polygons, and high- 
centered polygons. The subgroups within the Organic Cryosol great group are dif- 
ferentiated on the basis of the depth and degree of decomposition of the organic 
material. Table 5.1.4 briefly describes these subgroups. 
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Table 5.1.2. Brief description and classification of Turbic Cryosols (for more details, see 
Soil Classification Working Group, 1998). 


Subgroup and common horizon 
sequence* 


Description 


Orthic Eutric Turbic Cryosol 
Om, Bmv. BCy, Cgy, Omy, Cz 


These soils haye a relatiyely high degree of 
base saturation, as indicated by a pH of 5.5 
or greater in some or all of the B horizons. 


Orthic Dystric Turbic Cryosol 
Om, Bmy, BCy, Cgy, Omy, Cz 


These soils haye a low degree of base satu- 
ration, as indicated by a pH of less than 5.5 
throughout the B horizons. 


Brunisolic Eutric Turbic Cryosol 
Om, Bm, Bmy or BCy, Cgy, Omy, Cz 


These soils haye a Bm horizon >10 cm thick 
and a relatiyely high degree of base saturati- 
on, as indicated by a pH of 5.5 or greater in 
some or all of the B horizons. 


Brunisolic Dystric Turbic Cryosol 
Om, Bm, Bmy or BCy, Cgy, Omy, Cz 


These soils haye a Bm horizon >10 cm thick 
and a low degree of base saturation, as indi- 
cated by a pH of less than 5.5 throughout 
the B horizons. 


Gleysolic Turbic Cryosol 
Om, Bgy or Cgy (or both), Cz 


These soils haye eyidence of gleying in the 
form of low chromas or mottling to the mi- 
neral surface. 


Regosolic Turbic Cryosol 
Om, Cy, Cgy, Cz 


These soils haye deyeloped on recently de- 
posited soil materials and haye yery little or 
no soil deyelopment. They lack B horizons. 


Histic Eutric Turbic Cryosol 

Om, Ah, Bmy or Bm (or both) or Cgy, Cz 


These soils haye a relatiyely high degree of 
base saturation, as indicated by a pH of 5.5 
or greater in some or all of the B horizons, 
and thick (>15 cm) organic horizons in the 
upper 1 m of the solum. 


Histic Dystric Turbic Cryosol 

Om, Ah, Bmy or Bm (or both) or Cgy, Cz 


These soils haye a low degree of base satu- 
ration, as indicated by a pH of less than 5.5 
throughout the B horizons, and thick (>15 
cm) organic horizons in the upper 1 m of the 
solum. 


Histic Regosolic Turbic Cryosol 
Om, Cy, Cgy, Cz 


These soils haye deyeloped on recently de- 
posited soil materials and haye yery little or 
no soil deyelopment. They haye thick (>15 
cm) organic horizons in the upper 1 m of the 
solum. They lack B horizons. 



*The diagnostic horizons are underlined in the horizon sequence. 
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Table 5.1.3. Brief description and classification of Static Cryosols (for more details, see 
Soil Classification Working Group, 1998). 


Subgroup and Common Horizon 
Sequence* 


Description 


Orthic Eutric Static Cryosol 
Om, LFH, Bm, BCgj, Cz 


These soils have a Bm horizon <10 cm 
thick and a relatively high degree of base 
saturation, as indicated by a pH of 5.5 or 
greater in some or all of the B horizons. 


Orthic Dystric Static Cryosol 
Om, LFH, Bm, BCgj, Cz 


These soils have a Bm horizon <10 cm 
thick and a low degree of base saturation, as 
indicated by a pH of less than 5.5 throug- 
hout the B horizons. 


Brunisolic Eutric Static Cryosol 
LFH, Bm, BCgj, Cz 


These soils have a Bm horizon >10 cm 
thick and a relatively high degree of base 
saturation, as indicated by a pH of 5.5 or 
greater in some or all of the B horizons. 


Brunisolic Dystric Static Cryosol 
LFH, Bm, BCgj, Cz 


These soils have a Bm horizon >10 cm 
thick and a low degree of base saturation, as 
indicated by a pH of less than 5.5 throug- 
hout the B horizons. 


Luvisolic Static Cryosol 
LFH, Om, Ah or Ae, Bt, Cg, Cz 


These soils have a clay accumulation in the 
B horizon (Bt). The Bt horizon is >10 cm 
thick. 


Gleysolic Static Cryosol 
Om, Bg or Cg (or both), Cz 


These soils have evidence of gleying in the 
form of low chromas or mottling to the mine- 
ral surface. 


Regosolic Static Cryosol 
C, Cg,Cz 


These soils have developed on recently de- 
posited soil materials and have very little or 
no soil development. They lack B horizons. 


Histic Eutric Static Cryosol 
Om, Ah, Bm, Cg, Cz 


These soils have a relatively high degree of 
base saturation, as indicated by a pH of 5.5 
or greater in some or all of the B horizons, 
and thick (>15 cm) organic horizons in the 
upper 1 m of the solum. 


Histic Dystric Static Cryosol 
Om, Ah, Bm, Cg, Cz 


These soils have a low degree of base satu- 
ration, as indicated by a pH of less than 5.5 
throughout the B horizons, and thick (>15 
cm) organic horizons in the upper 1 m of 
the solum. 


Histic Regosolic Static Cryosol 
Om, C, Cg, Cz 


These soils have developed on recently de- 
posited soil materials and have very little or 
no soil development. They have thick (>15 
cm) organic horizons in the upper 1 m of 
the solum. 



*The diagnostic horizons are underlined in the horizon sequence. 
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Table 5.1.4. Brief description and classification of Organic Cryosols (for more details, see 
Soil Classification Working Group, 1998). 


Subgroup and Common Horizon 
Sequence* 


Description 


Fibric Organic Cryosol 
Of or Om, Of, Ofz 


These soils have organic layers >1 m thick 
and are composed dominantly of fibric 
materials in the control section below a 
depth of 40 cm. 


Mesic Organic Cryosol 
Of or Om, Om, Omz 


These soils have organic layers >1 m thick 
and are composed dominantly of mesic 
materials in the control section below a 
depth of 40 cm. 


Humic Organic Cryosol 
Om or Oh, Ohz 


These soils have organic layers >1 m thick 
and are composed dominantly of humic 
materials in the control section below a 
depth of 40 cm. 


Terric Fibric Organic Cryosol 
Of, Ofe, Cz 


These soils have organic layers <1 m thick 
and are composed dominantly of fibric 
materials above the mineral contact. 


Terric Mesic Organic Cryosol 
Om, Omz, Cz 


These soils have organic layers <1 m thick 
and are composed dominantly of mesic 
materials above the mineral contact. 


Terric Humic Organic Cryosol 
Oh, Ohz, Cz 


These soils have organic layers <1 m thick 
and are composed dominantly of humic 
materials above the mineral contact. 


Glacic Organic Cryosol 
Of, Om or Oh, 


These soils have organic layers and a layer 
of ground ice >30 cm thick with an upper 
boundary within 1 m of the surface. 



*The diagnostic horizons are underlined in the horizon sequence. 



5. Conclusions 

The main concepts for the development of the Cryosolic order in the Canadian Sy- 
stem of Soil Classification are that soils with permafrost be placed at the highest 
order level of the classification and that cryogenic processes be recognized as soil- 
forming processes. Cold soil temperatures and the resulting cryogenic processes 
play the major role in the genesis of these soils. 

The presence of permafrost had similar effects on the development of both mineral 
and organic soils and on their management and use. For these reasons, both peren- 
nially frozen mineral and organic soils are included in the Canadian Cryosolic or- 
der. 




610 



Tamocai 



References 



Canada Soil Survey Committee. 1978. The Canadian System of Soil Classification. Canada 
Department of Agriculture. Ottawa. Publication 1646. 164 pp. 

Soil Classification Working Group. 1998. The Canadian System of Soil Classification, 3rd 
ed. Research Branch, Agriculture and Agri-Food Canada. Ottawa. Publication 1646. 
187 pp. 

Tamocai, C. 1993. Chapter 71, Sampling frozen soils. In: M.R. Carter, ed. Soil Sampling 
and Methods of Analysis. Canadian Society of Soil Science. Lewis Publishers. Boca 
Raton, Florida, pp. 755-765 

Tamocai, C. 1998. The amount of organic carbon in various soil orders and ecological pro- 
vinces in Canada. In: R. Lai, J.M. Kimble, R.L.F. Follett, and B.A. Stewart, eds. Soil 
Processes and the Carbon Cycle. Advances in Soil Science. CRC Press. New York. pp. 
81-92 

Tamocai, C., W.W. Pettapiece, and S.C. Zoltai. 1973a. Cryoturbed Soils in Northern Cana- 
da. Canada Soil Survey. Department of Agriculture, Winnipeg. 64 pp. 

Tamocai, C., W.W. Pettapiece, and S.C. Zoltai. 1973b. Report on cryoturbed soils in nor- 
thern Canada. In: J.H. Day and P.G. Lajoie, eds. Proceedings of the Ninth Meeting of 
the Canada Soil Survey Committee. University of Saskatchewan. Saskatoon, May 
1973. pp. 96-116. 




Chapter 2. Classification of Cryosois in Russia 
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1 . Introduction 

Russia contains the world’s largest areas of permafrost and has a long-term tradi- 
tion of soil classification. The traditional Russian genetic classification approach 
has been revised to change the relative role of ecology and soil properties. Still, 
most Russian classifications give priority to soil genesis and a subordinate place to 
arbitrary, rigid class definitions. Thus, after highly formalized world soil classifi- 
cation systems were adopted (firstly, US Soil Taxonomy), a gap between them and 
the Russian school appeared, and it persists. 

In recent years, intense international collaboration has taken place in cryope- 
dology. In particular, a large group of pedologists, mostly from the USA and Can- 
ada, proposed placing permafrost-affected soils at a high categorical level in world 
classification systems. Soil Taxonomy and the World Reference Base for Soil Re- 
sources (FAO/WRB). This was done and widened the gap between Russian and 
other world systems. Correlation of the various classification systems thus is 
needed. 

The task is complicated by a large number of Russian classification systems 
differing more or less significantly from each other. Among them, only a few have 
been developed enough to fit practical needs. These systems have been adopted by 
State Ministries and All-Russia Prospecting Institutes, but in scientific publica- 
tions any classification could be used without referring to the official one. This 
was especially evident with regard to permafrost-affected soils, as they were very 
poorly represented in the official classifications. 

This chapter briefly reviews Russian classification approaches with regard to 
permafrost-affected soils and considers in more detail the newest classification 
system (Shishov et al., 1997). The latter evokes serious criticism, has not yet been 
approved by the All-Russia Congress of Soil Scientists, and, thus, still should be 
considered as a proposal. However, it is much better elaborated than previous 
classifications, particularly relative to permafrost-affected soils; it includes most 
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recently obtained data; it takes into account foreign experience and it is now trans- 
lated into English {Shishov et al., 2001). Thus, in our opinion, it deserves more 
close consideration here. We also provide a correlation of this system with WRB 
(FAO, 1998) and Soil Taxonomy (Soil Survey Staff, 1999) for permafrost-affected 
soils. 



2. Permafrost-affected Soils in Russian Soil 
Classifications 

For a long time, the ecological-genetic approach dominated most Russian soil 
classifications. Along with soil properties and genesis, geographical distribution of 
soils and soil-forming agents were used widely to classify soils. While permafrost- 
affected soils remained poorly studied, a landscape-based term Tundra soil was 
used. Later, a more specific term. Tundra Gley, appeared and, starting with 
Liverovsky (1937), most authors supported the concept of a tundra type of soil 
formation on the basis of soil properties and processes. For taiga soils, the name 
Permafrost Taiga soil was used, also landscape-based. 

Intense studies of northern European and Siberian soils were conducted in the 
1960s and 70s. A wide diversity of soils was found, mechanisms by which perma- 
frost affects soil formation were studied, and summarizing concepts were devel- 
oped. Guidance on Classification and Diagnostics of Soils (Ivanova and Nogina, 
1967) was a USSR soil classification system adopted for the use of concerned 
ministries and institutions. It did not consider the soils of tundra and large perma- 
frost areas in central and eastern Siberia because of a lack of data. 

Among permafrost-affected soils, those used for agriculture in southern Siberia 
were included, called Permafrost Meadow-Forest soils. The general approach was 
to distinguish subzonal and facies subtypes within soil types. The specificity of 
soils of cold regions of Siberia was thus recognized. 

The facies subtypes were supposed to reflect differences in soil genesis corre- 
sponding to environmental gradients along latitudes. However, names of facial 
subtypes were based on their thermal regime and not on soil features, indicating 
poor knowledge of the latter. Localization of gley and thickness, along with some 
chemical parameters, distinguish facial subtypes, which is not reflected in soil 
names. Thus, thermal features themselves were used to subdivide the soils. How- 
ever, few data were available at that time, for permafrost-affected soils were 
touched on very briefly and these mostly were those of seasonally long-frozen 
subtypes of podzolic soils (they may have permafrost below the soil profile). Soils 
of large areas of permafrost-affected central and eastern Siberian taiga were not 
considered. 

The Program of the USSR Soil Map at a scale 1:2.5 million, issued in 1971, in- 
cluded a much wider range of permafrost-affected soils. Ivanova (1976) developed 
a classification and diagnostic system for USSR soils. For the first time, tundra 
and permafrost taiga soils were considered over the whole area of their distribu- 
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tion within Russia. Three soil types were included in the list for tundra and 3 for 
permafrost-affected taiga. 

Later, Classification and Diagnostics of the USSR soils (Egorov et al., 1977) 
became a widely used system. In contrast to Ivanova, its compilers stated again 
that permafrost-affected soils hardly could be considered because of poor data 
available. World soil classifications applicable outside of the USSR/Russia rarely 
were developed in Russia; one example is the classification based on a geochemi- 
cal approach, by Glazovskaya (1971). 

Meanwhile, various authors proposed a number of new soil types. A large 
group of tundra and taiga soils with morphologically undifferentiated profiles was 
divided into Podburs (Parapodzols) and Gleys (Targulian, 1971). Volkovintser 
(1978) supported genetic specificity of Steppe Cryoaridic Soils. Sokolov (1980) 
developed the concept of cryohydromorphic non-gley soil formation on loamy 
materials in continental areas. The lack of gley is due to drainage provided by 
frost cracks and due to enrichment of supra-permafrost water with oxygen. 

Sokolov proposed the term Cryozem for these soils. He emphasized that effects 
of permafrost on soil genesis are manifested most strongly in them, and this, not 
the presence of permafrost, conditioned the choice of the name. However, few 
studies of water regime have been conducted to test his hypothesis and to confirm 
that the soils are saturated with water for long periods. 

Sokolov and Bystryakov (1980) introduced a concept of Pale soils differing 
from the earlier adopted concept. Pale soils were considered metamorphic soils. 
The term metamorphic has a narrower meaning than alteration in the cambic hori- 
zon of Soil Taxonomy. Thus, subdivision of the soils with weakly developed pro- 
files was continued based on genetic hypotheses, in spite of difficulties in their 
identification. Ignatenko (1980) included Homogenic Gleys (static soils underlain 
by permafrost) in his regional list for northeastern Asia, emphasizing subdivision 
of permafrost-affected soils into cryoturbated and static ones. The same term was 
used by other authors in the opposite sense, to designate cryogenic homogeniza- 
tion. 

While Sokolov and other authors argued the idea that, for a genetic soil classi- 
fication, the presence of permafrost itself is not a reason to set a special class at a 
high categorical level, Makeev (1981) considered that numerous types of perma- 
frost-affected and seasonally long-frozen soils should be covered by two highest 
taxa, the permafrost and cold soils formations. 

In the 1980s, important changes took place in dominant classification ap- 
proaches. Under both the effect of western classifications and the national school 
development, a so-called substantive-genetic approach was adopted, based on soil 
properties rather than ecology (Fridland, 1982; Shishov, Sokolov, 1989; Sokolov, 
1991). 

A rather developed realization of the approach is the Russian Soil Classification 
(Shishov et al., 1997) discussed later in this chapter. The Classification also im- 
plements Sokolov’s (1997) idea of the geoderma, which includes not only soils 
but also surface bodies of non-soil nature. These bodies can be included in a soil 
classification as no one other branch of science deals with them and because both 
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soils and these bodies are products of exogenesis. Naturally, they should be sepa- 
rated from soils at the highest categorical level. 

According to Sokolov, one of the earth’s 5 soil sectors/types of exogenesis is a 
cryogenic one. It includes cryomorphic soils, non-cryomorphic soils, organic soils, 
cryopedolits and cryolits, and bedrock exposures. Non-cryomorphic soils mostly 
develop in coarsely textured materials and are characterized by weak effects of 
permafrost on soil formation. 



3. The Minimum Classification Object and Patterned 
Ground 

A pedon or another concept of the minimum object of soil classification has never 
been a part of the soil classification systems in Russia. Many authors, however, 
analyzed spacial soil variability at detail scales. Sokolov (1993, 1997) emphasized 
that soil classification is based on “central images” in a soil continuum. In this 
case, the minimum classification object need not be defined. He stresses, in par- 
ticular, that soil classification systems are built “from top to bottom” and not bot- 
tom to top. However, the definition of the minimum object is necessary at the 
stage of identifying a classification unit, i.e., for soil-geographical purposes, in 
particular, soil mapping. 

Traditionally, soil bodies which related to patterned ground components that 
regularly repeat themselves (earth hummocks, bare areas, etc.) were considered 
taxonomically different soils (Ivanova and Polyntseva, 1952). The term soil mi- 
crocomplex was applied to such soil associations. Later, Fridland (1972) devel- 
oped the concept of the structure of soil cover and introduced an elementary soil 
areal, an area of varying size, devoid of taxonomically significant boundaries 
within it. 

Fridland also suggested that the minimum area which can be considered an 
elementary areal should be comparable in size with a plant. He gave numerous ex- 
amples of soil microcomplexes connected to patterned grounds. Since then, a lat- 
eral dimension of 20 to 30 cm has been used by most researchers as a size of 
minimum object, though it never has been set officially. The microcomplexes 
were shown even on small-scale maps; for example, soils of tundra circles (bare 
frost-boiled areas) and frost cracks were included in the legend of the USSR Soil 
Map at a scale of 1 :2.5 million. 

Thus, soils of patterned ground always have been classified as a number of 
soils, not as a single anisotropic body, while a different approach is used in both 
WRB and Soil Taxonomy (Turbic or Ruptic-Histic units). Vasilevskaya (1979) 
suggested as an alternative that one could classify such soils as a single 3- 
dimensional body. She noticed that stable soil properties {soil memory) of the 
various components in a microcomplex are similar, whereas highly dynamic prop- 
erties {soil moment) differ between components. Finally, however, she followed 
the traditional approach and separated soils of bare areas from those of vegetated 
surroundings at a level as high as a type. 
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4. Thermal Characteristics of Soiis 

As mentioned above, the 1967 soil classification included subdivision of soils into 
facies subtypes based mostly on their thermal regime. Dimo and Rosov (1974) 
elaborated the subdivision, and it has been used widely in soil classifications 
(Ivanova, 1976; Egorov et al., 1977). 

Subdivision of soils into facies subtypes parallels their subdivision into genetic 
subtypes. Facies are large regions where climate affects soils in a similar way. 
Permafrost is not used directly because, in many cases, it does not affect soil gene- 
sis directly. Three indices were used to divide soils into the subtypes: Air Degree 
Days (>10°C), Soil Degree Days (>10°C) at a depth of 20 cm, and the duration of 
cold period at the same depth. The authors considered these indices the most im- 
portant controls on soil formation and, in particular, on energy supply. 

Four permafrost-affected subtypes, 6 seasonally long- frozen, 6 seasonally fro- 
zen, 3 seasonally short-frozen, and 1 periodically frozen subtype were distin- 
guished. For the 4 permafrost-affected subtypes, the first and the second indices 
range from 0 to 1600°C, and the cold period is more than 8 months long in all 4 
subtypes. Permafrost was included directly in the definition of types only when its 
effect was strong enough to single out a genetic subtype (for example. Podzolic 
Deep-Gleyed Permafrost soils with supra-permafrost gley). 

The newest Russian classification also adopts the idea of introducing perma- 
frost at different categorical levels of classification, depending of its actual effect 
on soil formation (Shishov et al., 1997). An approach has been proposed providing 
for the development of thermal and hydrological blocks separate from the main 
genetic block of classification (Fridland, 1982; Shishov, Sokolov, 1989). Perma- 
frost-free, seasonally frozen, and permafrost soils were supposed to be included as 
separate classes in the hydrological block (Sokolov, 1991). So far, however, the 
1997 classification does not contain such blocks. 



5. 1997 Russian Soil Classification 

5.1. General principles 

As the compilers note, the work represents a new stage in the development of 
Russian soil classification. Soil-forming agents and ecological conditions no 
longer determine classification decisions; instead, soil properties and genesis do 
(Shishov et al., 1997). Traditional soil names are mostly preserved, yet landscape- 
based names no longer are used. Higher categories bear genetic sense, and diag- 
nostic criteria for them are mostly qualitative. 

Strict quantitative criteria, except for the thickness of the organic horizon and 
some other properties, are avoided at this level purposely, as they hardly can be 
combined with genetic logic. This is an obvious difference from WRB and Soil 
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Taxonomy. The lack of precise delineation of soil classes prevents construction of 
keys. 

Quantitative criteria are used widely at lower levels. Type-diagnostic soil hori- 
zons are defined carefully, yet many of them have floating quantitative bounda- 
ries. For the soils of Russia, 32 such horizons are introduced, versus 34 in WRB 
and 27 in Soil Taxonomy, the world systems. This is partly due to a larger number 
of various organic horizons in the Russian system. However, genetic sequences of 
horizons rather than isolated horizons are diagnostic for soil types. Most horizon 
definitions are close to those in WRB and Soil Taxonomy. Also, a number of ge- 
netic soil properties have definitions similar to diagnostic properties in the other 
two systems. The 1997 Russian system gives correlations of the horizon defini- 
tions with the 1994 WRB. 

The 1997 Russian system uses 8 categories, 2 of them higher and 5 lower than 
the soil type. The highest is a Trunk reflecting the relative importance of pedo- 
and lithogenesis. Post-lithogenic, sinlithogenic, and organogenic soils are distin- 
guished. Organic soils, thus, are separated at the highest level from mineral soils. 
This explains why most Russian pedologists strongly opposed including organic 
soils together with mineral soils in the Cryosol WRB reference group. 

The above-mentioned climatic facies subtypes are not included in this Russian 
system. Type is a central category, characterized by a specific genetic sequence of 
horizons and a combination of soil properties. Most subtypes are intergrades to 
other types. 

An important feature of the classification is wide inclusion of agrogenic and 
humanly transformed soils, and an attached classification of technogenic surface 
bodies. Soil temperature and water regimes are not considered at all. Permafrost is 
not considered, despite its strong effect on soil properties (Cryozems). The con- 
cept of Cryosols/Gelisols adopted in WRB and Soil Taxonomy could not be con- 
sidered consistently genetic and, hence, contradicts the basic principles of Russian 
classifications. 



5.2. Handling permafrost-affected soils 

A Cryoturbated horizon is included among type-diagnostic horizons in the set of 
horizons diagnostic for Cryozems. It is defined as follows. 

The cryoturbated horizon is dusky brown or grayish brown, lacks struc- 
ture; and has distinct evidences of cryogenic distortions, such as transloca- 
tion of large blocks of mineral and/or organic material, irregular wedge-like 
or broken boundaries. The horizon contains dispersed fragments of organic 
horizons and/or very dark carbonized organic residues. The reaction is 
nearly neutral. The material is excessively moist, usually thixotropic, and is 
frozen during part of the vegetative period. 

Shishov et al., 2001 

Permafrost is not mentioned as a genetic soil property. Accordingly, no suffix 
symbol for a perennially frozen horizon or layer is introduced. 
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The Cryic horizon used in WRB in 1998 as diagnostic for Cryosols and Cryic 
Histosols has little in common with the Russian Cryoturbated (KR) horizon. Cryic 
is a perennially frozen mineral or organic horizon, whereas KR is a seasonally fro- 
zen, strongly cryoturbated mineral horizon. Besides, the KR covers far from all 
cryoturbated horizons occurring in mineral soils; it does not include cryoturbated 
horizons of other soil types (Gleyzems, Podburs, etc.) in the definition. It includes 
only cryoturbated horizons of Cryozems, which explains a relatively narrow prop- 
erty range, like the close-to-neutral reaction. 

The concept of Gelic material in Soil Taxonomy is closer, yet wider than that of 
the KR. The 1997 Russian system does not introduce any pedon or another mini- 
mum unit of classification and does not discuss the issue. Thus, depending on the 
approach adopted, one can classify the soils of patterned grounds either as a num- 
ber of soils or as a single soil, averaging, for example, organic horizon thickness 
to check it against diagnostic criteria. 



5.3. Correlating classification systems 

Various methods to correlate soil classification systems have been proposed. 
Rozhkov (1989), for example, proposed using statistical similarity criteria to com- 
pare taxa. The procedure requires compilation and analysis of a large database and 
is not possible within the framework of this chapter. 

Stolbovoi (2000) published a monograph correlating the Soil Map of Russian 
Federation (Fridland, 1988) with WRB. Mazhitova et al. (1993) and Smith at al. 
(1995) have discussed correlating the Russian system with Soil Taxonomy and the 
Canadian system, with special regard to permafrost-affected soils, based on the 
materials of international expeditions. 

This chapter presents correlations based on a direct check of Russian taxa 
against criteria of the taxa of the other two classifications. We tried to apply quan- 
titative criteria of world classifications to Russian genetic soil types, using pub- 
lished analytical data and also unpublished data for northeastern Siberia, where a 
number of soil profiles had been analyzed in the USDA NRCS laboratory in Lin- 
coln. 

Soils of the Cryozem order of Russian classification always have permafrost at 
a shallow depth, whereas a number of other soil orders/types may or may not have 
permafrost, and its presence/absence is not specified at any categorical level. 
These orders/types classify partly as Cryosols/Gelisols and partly as Gelic or non- 
Gelic units of the groups other than Cryosols in WRB, or to the orders other than 
Gelisols in Soil Taxonomy. 

Table 5.2.1 lists those soil orders/types from the Russian system which are rep- 
resented widely in permafrost areas and may have permafrost within 2 m of the 
surface, and it correlates the permafrost-affected soils of these selected classes 
with WRB and Soil Taxonomy. The list is not complete, as it uses only main lower- 
level units, omitting units like Leptic or Thionic. We do not discuss Humus- 
Accumulative, Halomorphic, Alluvial, Lithozem, and some other soils which are 
less widespread or less frequently have permafrost within 2 m. 
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Table 5.2.1. Correlation of selected Russian taxa (permafrost-affected soils only) with 


WRB (1998) and Soil Taxonomy (1998). 






Translated 


Original 


WRB, 1998 


Soil Taxonomy, 


Russian name 


Russian name 




1998 


Trunk: POSTLITHOGENIC SOILS 
Order: Gleyzems/ Gleezemy 






Types: 








Gleyzems 


Gleezemy 


Gleyic Cryosols, 


Aquiturbels, 


Raw-Humus 


Gleezemy 


Gleyi-Turbic Cryosols, 


Aquorthels 


Gleyzems 


grubogu- 

musovyie 


Gelic Gleysols 




Peat Gleyzems 


Torfiano- 


Gleyi-Histic Cryosols, 


Histoturbels, 




Gleezemy 


Turbi-Histic Cryosols 


Historthels, 






(Gleyic), 

Fibri-Cryic Histosols, 
Geli-Histic Gleysols 


Histels 


Order: Cryozems/Kriozemy 






Types: 








Cryozems 


Kriozemy 


Oxiaqui-Turbic Cryosols, 


Haploturbels, 






Turbi-Histic Cryosols 
(Oxiaquic) 


Histoturbels 


Peat Cryozems 


Torfiano- 


Turbi-Histic Cryosols 


Histoturbels, 




Kriozemy 


(Oxiaquic), 
Fibri-Cryic Histosols 


Histels 


Order: Al-Fe-Humus/Alfegumusovyie 






Types: 








Podburs (Parapod- 


Podbury 


Haplic Cryosols, 


Haploturbels, 


zols) 




Leptic Cryosols, 
Dystri-Gelic Cambisols 


Haplorthels 


Gley Podburs 


Podbury gleevyie 


Haplic Cryosols, 


Haploturbels, 






Gleyic Cryosols, 


Aquiturbels, 






Gleyi-Gelic Cambisols 


Haplorthels, 

Aquorthels 


Dry Peaty Podburs 


Sukhotorfiano- 


Haplic Cryosols, 


Histoturbels, 




podbury 


Foli-Cryic Histosols, 


Historthels, 






Foli-Gelic Histosols, 
Gelic Cambisols 


Folistels 



(Continues) 
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Table 5.2.1. (cont.) 


Translated 


Original 


WRB, 1998 


Soil Taxonomy^ 


Russian name 


Russian name 




1998 


Order: Al-Fe-Humus/Alfegumusovyie, cont. 




Types: cont. 








Peat-Gley Podburs 


Torfiyno- 


Gleyi-Histic 


Fibristels, 




podbury gleevyie 


Cryosols, 


Hemistels 






Fibri-Cryic Histosols, 


Histoturbels, 






Geli-Histic Gleysols 


Historthels 


Podzols 


Podzoly 


Haplic Cryosols, 


Typic Haplorthels, 






Hapli-Leptic 


Typic Haplocryods, 






Cryosols 


Spodic 

Psammoturbels, 

Spodic 

Psammorthels 


Gley Podzols 


Podzoly gleevyie 


Hapli-Gleyic 


Aquiturbels, 






Cryosols, Gleyi-Gelic 


Haploturbels, 






Podzols 


Aquorthels, 

Haplorthels 


Dry Peaty Podzols 


Sukhotorfiano- 


Haplic Cryosols, 


Folistels, 




podzoly 


Foli-Cryic Histosols, 
Foli-Gelic Histosols, 
Gelic Podzols 


Historthels 


Peat Podzols 


T orfiano-podzoly 


Histic Cryosols, 


Folistels, 






Turbi-Histic 


Histoturbels, 






Cryosols, Gleyi- 


Aquiturbels, 






Histic Cryosols, 


Historthels, 






Gelic Podzols, Fibri- 
Cryic Histosols 


Aquorthels 


Order:Metamorphic /Metamorficheskyie 




Type: 

Pale 


Palevyie 


Haplic Cryosols, 


Haplorthels, Eu- 






Gelic Cambisols 


trocryepts 


Trunk: ORGANOGENIC 
Order: Peat/ Torfianyie 






Type: 








Oligotrophic Peat 


Torfianyie 


Fibri-Cryic Histosols, 


Fibristels, Hemistels 


(high moor peat- 
bogs) 


oligotrofnyie 


Fibri-Gelic Histosols 




Eutrophic Peat 


Torfianyie eu- 


Sapri-Cryic Histo- 


Sapristels 


(low-moor peat- 


trofnyie 


sols, Sapri-Gelic His- 




bogs) 




tosols 




Dry-Peaty 


Sukhotorfianyie 


Foli-Cryic Histosols, 
Foli-Gelic Histosols 


Folistels 
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When strictly following quantitative criteria, rather often we should place a soil 
in a WRB/Soil Taxonomy unit which does not properly fit its genesis, though an- 
other unit does. For example, permafrost-affected Podburs are genetically close to 
Spodic Psammorthels. However, in most cases, their BHF horizon does not meet 
the quantitative criteria of a Spodic horizon or Psamm-Great Group; thus they 
should be classified in Soil Taxonomy as Typic Haploturbels (Smith, et al, 1995). 



5.4. Gleyzems 

“These soils are characterized by strongly pronounced gleying... evidenced by 
olive gray chromas over more than 80% of a vertical section of mineral horizons” 
(Shishov et al., 2001). 

Gleyzems, according to the 1997 classification monograph, contain many per- 
mafrost-affected tundra soils. Yet Gleyzems occur in the permafrost- free or dis- 
continuous permafrost environment of southern tundra, forest-tundra, or taiga. No 
genetic process except gleying is well manifest, in contrast to the gleyed soils of 
other orders (Peat-Gley Podzols, Peat-Solod Gley, etc.). 

The Gley diagnostic horizon, as the Russian system defines it, cannot directly 
compare with Gleyic properties and Aquic conditions of the other two systems, al- 
though, with few reservations, one can draw the analogy. Table 5.2.2 shows quan- 
titative aspects of the correlation between the three systems, mostly related to or- 
ganic horizons. The Gleyzem type corresponds to Gleyic or Turbi-Gleyic Cryosols 
of WRB. In addition, it includes some Gelic and permafrost-free Gleysols. In Soil 
Taxonomy, the Gleyzem type corresponds to Aquorthels or Aquiturbels, yet some 
Gleyzems fall out of the Gelisol order. 

The Russian type Peat-Gleyzem has a peat layer from 10 to 50 cm thick. A 
thickness of 40 cm separates Histic subunits and Histosols/Histels in both WRB 
and Soil Taxonomy, so representatives of this Russian type may belong to either 
one of these classes. The Russian Peat horizon, diagnostic for Peat Gleyzems, is 
the Histic horizon in terms of WRB and is organic soil material in terms of Soil 
Taxonomy, though the latter two have wider definitions. 

The lowest organic matter content for all Russian peat horizons is 35%, 
whereas for the Histic horizon and organic soil material it is 20%. The Russian 
system considers horizons with organic matter content ranging from 20 to 35% as 
Mucky or Raw-humus horizons. Thus, Raw-Humus Gleyzems are Histic units of 
WRB and are Historthels/Histoturbels of Soil Taxonomy, but uncertainty still re- 
mains, as the Russian system does not set a lower limit of organic matter content 
for the Raw-humus horizon. 
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Table 5.2.2. Correlation of Russian Gleyzem order with WRB and Soil Taxonomy, with re- 
spect to the thickness of the organic horizon. 



Organic 
horizon, 
thickness, cm 


No 0-5 5-10 

organic 

horizon 


10-40 


40-50 >50 


Russian, 1997 


Raw-Humus 

Gleyzems 

Gleyzems 


Peat Gleyzems 


Peat 


WRB, 1998 


Gleyic/Gleyi-Turbic Cryosols 


Gleyi- 

Histic/Turbi- 
Histic Cryosols 


Fibri-Histic 

Histosols 


Soil 

Taxonomy, 

1999 


Aquirturbels, Aquorthels 


Histoturbels, 

Historthels 


Histels 



5.5. Cryozems 

“The order is composed of soils that have beneath their organic horizons a homo- 
geneous cryoturbated thixotropic mineral sequence of dusky grayish color which 
is underlain by ice-rich permafrost” (Shishov et ah, 2001). 

Due to similar spelling, the Russian term Cryozems is sometimes taken as an 
analogue of the term Cryosols either in the WRB sense or in a wider sense, as 
permafrost-affected soils in general. However, Cryozems covers a much smaller 
range of soils than Cryosols. Cryogenic processes affect soil genesis more strongly 
in Cryozems than in other permafrost-affected soils. This is the only soil type for 
which the diagnostic set of horizons includes the cryoturbated (KR) horizon. 

These soils normally have permafrost within 100 cm. Their main area of occur- 
rence is continental Siberia. 

The best WRB correlative for Cryozems (as a type) is Oxiaqui-Turbic Cryosols. 
The formal definitions are similar, as are the genesis and volume of the two taxa. 
The Gelisol order of Soil Taxonomy does not contain an Oxiaquic unit; thus, 
Cryozems classify as Haploturbels (mostly Typic), though the latter covers a much 
wider variety of soils than Cryozems do (Figure 5.2.1). Peat Cryozems are divided 
between Histic Cryosols and Cryic Histosols or Histels and Histoturbels in the 
same way as are Peat Gleyzems. 



5.6. AI-Fe-humus and metamorphic soils 

These soils are distributed both within and beyond the limits of permafrost re- 
gions. Al-Fe-humus soils “are characterized by a morphologically and analytically 
distinct illuvial accumulation of Al-Fe-humus complex compounds producing a 
specific chemogenic Al-Fe-humus horizon.” Metamorphic soils are “weakly dif- 
ferentiated morphologically. They consist of a mull or raw humus (moder) humus- 
accumulative horizon and a brown. . . metamorphic horizon which is formed by in 
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situ ferrugination processes and pedogenic re-arrangement of the solid phase” 
(Shishov et al, 2001) 

Genetic features of soil of these two orders are manifested regardless of the 
presence or absence of the permafrost. Thus, only some of the soils in these or- 
ders/types belong to the Cryosols/Gelic unit in WRB or to Gelisols in Soil Taxon- 
omy (Figure 5.2.2). In contrast to Gleyzems and Cryosols, these orders include 
coarsely textured and stony soils. 

Genesis of these soils, as presented in the Russian system, can not always be 
satisfactorily reflected by WRB and Soil Taxonomy units. In the WRB, Cryosols 
have no Spodic lower level units, so that Russian Podburs (Parapodzols) and Pod- 
zols, if they have permafrost within a 1 -meter layer, are classified as Haplic 
Cryosols. This situation is common: WRB/Soil Taxonomy neglect genetic differ- 
ences until they are quantitatively well manifested. 

In the Gelisols Order of Soil Taxonomy, only Psammorthels and Psammoturbels 
have Spodic Subgroups, but Psamm-Great Groups are defined so narrowly that 
they do not include all Podburs and Podzols with permafrost within a 2-meter 
depth. 

Correlating Dry Peaty Podburs and Dry Peaty Podzols with WRB is uncertain. 
In the definition of Russian Dry Peaty and Dry Peat horizons (the two horizons 
differ in thickness), saturation with water is not mentioned directly, and, based on 
the other horizons’ features, saturation for long periods is unlikely. Taken as well 
aerated, the Dry Peaty horizon does not meet the requirement of Histic units, and 
Russian Dry Peat Podburs and Podzols should be classified as Haplic Cryosols, 
Dystri-Gelic Cambisols, or Haplic Podzols, in spite of the organic layer up to 50 
cm thick. This peaty but unsaturated horizon brings to mind the Folic horizon, but 
for Cryosols and other mineral soil reference groups, only Histic, not Folic low 
level units, are included in this system. 

Identification of Pale soils is based mainly on the presence of a metamorphic 
BM horizon, the closest analog of which is the Cambic horizon. Within both the 
Cryosol group and Gelisol order, these soils are classified as Haplic (or Leptic in 
WRB) units, together with permafrost-affected Podburs and, in WRB, Podzols. 




Figure 5.2.1. Correlation of Russian Cryozems with WRB and Soil Taxonomy. 
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Al-Fe-Humus, 

Humus-Accumulative, 

Metamorphic, 

Alcaline-Clay-Differentiated, 

Halomorphic, 

Lithozems, 

Alluvial soils 



Cryosols 

and a part of Gelisols 



Figure 5.2.2. Correlation of Russian soil orders combining permafrost-affected and non- 
permafrost soils with WRB and Soil Taxonomy. 



5.7. Organogenic soils 

In the Russian system, organogenic soils start with a 50-cm peat layer, whereas a 
thickness of 40 cm (except for Lithic units) separates Histosols/Histels from min- 
eral soils in WRB and Soil Taxonomy. Hence, some Peat Gleyzems, Peat 
Cryozems, Dry Peaty Podburs or Podzols, and Peat Podzols treated as mineral 
soils in the Russian system should be classified as Cryic Histosols and Histels. 
Soils with organic matter content from 20 to 35% also are treated as Raw humus 
or Mucky mineral soils in the Russian system, but they classify as Histo- 
sols/Histels in the two other systems. Figure 5.2.3 shows the correspondence be- 
tween the Russian Peat order and WRB/Soil Taxonomy Histosols. This relationship 
is the same for both permafrost-free and permafrost-affected soils (Histo- 
sols/Histels in the latter case). 




Russian Peat section 



WRB Histosols 



Figure 5.2.3. Correlation of Russian Peat order with WRB. Peat: organic matter content 
>35%, peat layer thickness > 50 cm. WRB Histosols: organic matter content >20% or 
>30%, depending of mineral clay content, peat layer thickness >40 cm. 
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6. Conclusion 

The recently proposed version of the Russian classification system is closer than 
previous versions to the WRB and Soil Taxonomy with respect to general structure, 
definition of horizons, and soil features. However, differences due to different ba- 
sic principles are still present. 

A correlation problem not specific for only permafrost-affected soils is 
WRB/Soil Taxonomy's neglect of soil genetic differences until they are quantita- 
tively well manifested. As a result, a large number of Russian soil types can not be 
correlated properly with WRB/Soil Taxonomy soils, and they thus become Hap- 
lic/Typic units or mixed groups like Cambisols and orders like Inseptisols, where 
their genetic content is lost. 

The gap between the Russian and other two systems became even wider re- 
cently with regard to permafrost-affected soils, because WRB/Soil Taxonomy gave 
permafrost a higher status, while the Russian system lowered it. A large number of 
Russian soil types contain both seasonally frozen and permafrost-affected soils, 
for which the depth of the permafrost table varies widely. No one category speci- 
fies the presence or absence of permafrost and a depth of the permafrost table. 
Thus, until hydrological and thermal blocks are included in the classification, 
many correlations of the Russian system to WRB/Soil Taxonomy will be uncertain. 
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1 . Introduction 

Although Soil Taxonomy attempts to account for all the soils in the world, taxa for 
permafrost regions of the world did not receive adequate attention until recently. 
This can be attributed to the low human population of permafrost regions and the 
limited suitability for traditional cultivated agriculture. 

However, on a global scale permafrost is not unusual, and estimates of its ex- 
tent on the earth’s land surface range from 20 (Birkeland and Larson, 1989) to 
26% (Black, 1954). Recently, the permafrost regions have attracted considerable 
interest because of the concerns for sources and sinks of greenhouse gases, the 
need to protect against terrestrial impacts of global warming, and the impact of 
transportation, development, and resource exploration in this fragile environment. 

This chapter provides the rationale for the newest order in Soil Taxonomy, the 
Gelisols. It discusses some of the diagnostic features and taxa associated with the 
Gelisols, and it presents some of the suggestions to further improve the Gelisol or- 
der that have become apparent as more and more soil scientists familiarize them- 
selves with it. 



2. Background 

Before 1998 and the new Gelisol order. Soil Taxonomy defined a pergelic soil 
temperature regime as having a mean annual soil temperature lower than 0°C at 50 
cm below the soil surface. The assumption was that soils with mean annual soil 
temperatures below 0°C would contain permafrost. In reality, some soils experi- 
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ence cold winters and warm summers and have mean annual soil temperatures be- 
low 0°C, but the summer temperature is sufficiently high to prevent the formation 
of permafrost (Bockheim and Bums, 1991). 

Before 1998, Soil Taxonomy had 18 pergelic subgroups distributed among the 
orders of Andisols, Entisols, Histosols, Inceptisols, Mollisols, and Spodosols. The 
subgroups were: 

Pergelic Cryaquands 
Pergelic Cryorthents 
Pergelic Cryopsamments 
Pergelic Cryofibrists 
Pergelic Sphagnofibrists 
Pergelic Cryohemists 
Pergelic Cryosaprists 
Histic Pergelic Cryaquepts 
Pergelic Ruptic-Histic Cryaquepts 
Humic Pergelic Cryaquepts 
Pergelic Cryaquepts 
Pergelic Cryochrepts 
Pergelic Cryumbrepts 
Pergelic Cryaquolls 
Pergelic Cryoborolls 
Pergelic Cryaquods 
Pergelic Haplocryods 
Pergelic Humicryods 

An additional taxon, the Gelicryands, was recognized in the Andisol order at 
the great group level (Soil Survey Staff, 1996). 

The priority key used in Soil Taxonomy was another constraint on properly 
identifying all the soils with a pergelic soil temperature regime. For example, 
Cryaquepts were defined with either a cryic or pergelic soil temperature regime, 
since pergelic was used at the subgroup level. Soils like Lithic Cryaquepts keyed 
ahead of Pergelic Cryaquepts, which implied that Lithic Cryaquepts could have a 
cryic or pergelic soil temperature regime. 

In great groups without pergelic subgroups, like the Cryic Rendolls, the soil 
temperature regime could be either cryic or pergelic (Ahrens et al., 1994). Cryic 
and pergelic soil temperature regimes are not used at the family level and offered 
no way to separate these soils with different soil temperature regimes. 

Before 1998, the United States had 50 soil series classified in pergelic sub- 
groups. Ten of these series occur in the Rocky Mountains of the West, and forty 
occur in Alaska. Seventy-six percent of all soil series in pergelic subgroups were 
in the Inceptisol order, because many of them lack the features diagnostic of the 
other orders. Sixty-five percent of the permafrost-affected soils in Alaska occur in 
only two subgroups, the Pergelic Cryaquepts and the Ruptic-Histic Pergelic 
Cryaquepts (Moore et al., 1992). 
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3. international Committee 

Because of the shortcomings mentioned above and the interest in global change 
and its impact on cold soils, an International Committee on Permafrost-Affected 
Soils (ICOMPAS) was established in 1993. Dr. James Bockheim of the University 
of Wisconsin chaired the committee. 

ICOMPAS’ mandate was simple, “improve the classification of permafrost- 
affected soils.” The committee’s first efforts concentrated on revising the defini- 
tion of permafrost used in Soil Taxonomy and attempting to work with and im- 
prove existing taxa. 

The committee first addressed the definition of permafrost. As indicated above, 
the previous definition proved unsatisfactory because of the extremes in soil tem- 
peratures between summer and winter that hindered the development of perma- 
frost. The committee recommended that a soil with permafrost remain below 0°C 
for 2 or more continuous years (van Everdingen, 1998). The revised concept alle- 
viates problems associated with the old definition. 

At first, ICOMPAS focused its efforts on building taxa within the current sys- 
tem. The Gelicryands, introduced in 1990 by the International Committee on An- 
disols (ICOMAND), opened the door to potential “Geli” great groups in the other 
soil orders. The committee attempted to define Gelicryepts, Gelicryolls, etc., but 
soon realized that many of the taxa would have very few soils represented, and a 
few of the new taxa would contain most of the permafrost-affected soils. 

Rather than Pergelic or Histic Pergelic Cryaquepts, most soils with permafrost 
would key into the proposed great group, Gelicryepts. To many pedologists, de- 
veloping new taxa within the current system did little to improve the classification 
system because most of the soils with permafrost would still fall into one or two 
great groups. 



4. A New Soil Order 

The committee members next examined the feasibility of developing a new soil 
order. For the most part, soil orders in Soil Taxonomy reflect major soil-forming 
processes. The committee identified cryogenic processes associated with perma- 
frost-affected soils. 

Cryogenic processes in permafrost-affected soils are driven by the physical 
volume change of water to ice, by moisture migration along a thermal gradient in 
the frozen system, or by thermal contraction of the frozen material by continued 
rapid cooling (Bockheim et al., 1997). These processes leave markers in the soil 
and often are referred to as cryoturbation and/or ice segregation. 

The indicators of cryoturbation include irregular or broken horizons, involu- 
tions, organic matter on the top or within the permafrost, oriented rock fragments, 
and silt-enriched layers. Cryoturbation is most evident in mineral soils and 
strongly depends on the number of freeze-thaw cycles and the texture and mois- 
ture content of the soil material (Van Vliet-Lano, 1985). 
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Two models attempt to explain cryoturbation. The first focuses on freezing 
fronts, from the surface and upward from the permafrost table, placing pressures 
on the unfrozen soil materials between the fronts (Nicholson, 1976). The second 
contends that heave-subsidence processes at the top of the active layer produce a 
net downward and outward movement of material, whereas heave processes at the 
bottom produce a net upward and outward movement (Mackay, 1980). 

However, not all permafrost-affected soils exhibit cryoturbation. Ice segrega- 
tion produces ice lenses, vein ice, segregated ice crystals, and ice wedges. Vein ice 
and segregated ice crystals promote strong granular structure, and ice lenses pro- 
duce platy structure (Gubin, 1993). Both of these structures are important proper- 
ties of these soils and greatly influence water movement. 

In addition, the forces generated from freezing promote four fabrics that are 
common in permafrost-affected soils. These fabrics include a banded or lenticular 
fabric with a gradation in particle size from frost sorting, particularly from fre- 
quent freeze-thaw cycles; orbiculic fabric with circular or elliptical alignment of 
soil materials; suscitic fabric with a vertical alignment of grains and fines in 
spaces once occupied by ice lenses; and conglomeric fabric where pressures dis- 
place and move granular material within the soil (Tamocai, 1983; Fox and Protz, 
1981). 

The committee used these soil markers to define a new term, gelic materials. 
These gelic materials are the dominant morphological features in permafrost- 
affected soils. Gelic materials, such as the features associated with cryoturbation, 
can occur in soils without permafrost or soils that had permafrost at one time. For 
this reason the committee also required the presence of permafrost to be included 
in the definition of the new soil order. 

Permafrost itself hinders pedogenesis. It also is a barrier to roots and the 
movement of water. Permafrost-affected soils represent fragile environments with 
special concerns for use and management. All the above factors steered the com- 
mittee toward defining a new soil order, the Gelisols. 

The Canadian System of Soil Classification (1998) and the World Resource 
Base for Soil Resources (1998) use Cryosols to connote permafrost-affected soils. 
However, Soil Taxonomy has a different meaning for soils with a cryic soil tem- 
perature regime, and to use a similar word with a new meaning would cause con- 
siderable confusion for the users of Soil Taxonomy. The term, Gelisols, comes 
from the Greek word, gelid, which means very cold. The root has precedent in Soil 
Taxonomy in the terms pergelic and Gelicryands, and the formative element, el, 
can be used to form taxa. 



5. Definition and Keying Sequence 

The committee next struggled with defining Gelisols and keying the sequence of 
the soil orders. At first, Gelisols were required to have permafrost within 100 cm 
of the soil surface or gelic materials and permafrost within 100 cm of the soil sur- 
face. 
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After testing, the redundancy of the definition became apparent, because most 
soils with permafrost within 100 cm of the soil surface also had gelic materials. 
Also, soil scientists working in Alaska wanted permafrost recognized at deeper 
depths in the new soil order, even though it required extra effort to excavate be- 
yond 100 cm. 

The revised definition of the new order required permafrost within 100 cm of 
the soil surface, or permafrost within 200 cm of the soil surface and gelic materi- 
als within 100 cm of the soil surface. The revised definition generated little dis- 
cussion and was incorporated into the eighth edition of the Keys to Soil Taxonomy 
(Soil Survey Staff, 1998). 

Originally, the sequence for keying the orders included Histosols, Spodosols, 
and Andisols ahead of Gelisols. This sequence followed the idea that Histosols 
rely on anaerobic conditions to form, regardless of soil temperature. The soil- 
forming processes and subsequent markers in the soil are expressed strongly in 
Spodosols, and there are good reasons to maintain all like soils together, whether 
permafrost underlies them or not. The morphology of Andisols is more subdued 
when compared to Spodosols, but the common properties, including high phos- 
phorous retention, make a strong case for grouping soils with like properties in the 
same soil order. 

The literature describes Spodosols underlain by permafrost (Nicholson and 
Moore, 1977). However, the permafrost in these soils is well below the 200-cm 
limit that Soil Taxonomy uses to classify soils, or the permafrost is below 100 cm 
and the soils do not exhibit gelic features. The committee searched unsuccessfixlly 
for examples of Spodosols with permafrost within 200 cm of the soil surface and 
decided to key Gelisols ahead of Spodosols. However, recent research demon- 
strates that spodic horizons exist over permafrost in Antarctica (Beyer and Bolter, 
2000; Beyer, et al., 2000) 

Gelicryands, introduced by the International Committee on Andisols, suggested 
the presence of permafrost-affected Andisols. However, ICOMPAS was unable to 
find descriptions in the literature, and even scientists in Iceland were not aware of 
Andisols underlain by permafrost. Based on this information, ICOMPAS recom- 
mended moving the Gelisols ahead of the Andisols in the keying sequence of the 
soil orders. 

Perhaps the most controversial decision facing the committee concerned the 
placement of organic soils underlain by permafrost. The committee considered 
two scenarios. The first kept all organic soils (Histosols) in the same soil order. 

There are several logical reasons to include all organic soils in one soil order. 
Histosols require anaerobic conditions to facilitate the accumulation of organic 
materials. Anaerobic conditions occur in all soil temperature regimes, but soils 
with cold temperatures are more conducive to accumulating organic matter than 
warm soils, provided vegetation is adequate. 

The second scenario, which was later approved for inclusion into Soil Taxon- 
omy, advocated including all the permafrost-affected soils in the same soil order. 
Most committee members supported this concept because it made one soil order 
the focal point for management concerns and considerations associated with per- 
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mafrost-affected soils. This second scenario also is in concert with some of the 
other classifications, notably the Canadian system. 



6. Taxa 

6.1. The Suborders 

The committee next considered the suborders. Originally, Bockheim (1994) rec- 
ommended five suborders, Histels, Turbels, Aquels, Aridels, and Statels. The His- 
tels included the soils dominated by organic materials, and the Turbels contained 
the mineral soils with evidence of cryoturbation. 

The Aquels tried to encompass the soils with aquic conditions and strong gley- 
ing or abundant redoximorphic features. This suborder generated debate with re- 
gard to keying sequence and the fact that many soils in cold regions commonly 
have aquic conditions because water perches above the permafrost. Several mem- 
bers of the committee felt it unimportant to have a property common to most Geli- 
sols key high in the system. For this reason, the Aquel suborder was deleted and 
aquic conditions delegated to the great group level. 

The Aridels, defined in terms of an aridic soil moisture regime, presented prob- 
lems because the soils are never warm enough to meet the temperature require- 
ments of an aridic soil moisture regime. The Aridels were intended for the ex- 
tremely dry, cold soils of Antarctica. The committee decided to drop the Aridels 
and seek other means to accommodate these soils. 

Three suborders were retained, the Histels, Turbels, and Statels, which were 
later named Orthels. The Histels represent the organic soils over permafrost and 
occur predominantly in the Subarctic and Low Arctic ecoclimatic regions in areas 
of continuous or widespread permafrost (Bockheim, 1994). The Turbels are the 
dominant suborder of Gelisols and are common in the High and Middle Arctic 
vegetative regions of North America and Eurasia (Bockheim, 1994). 

Turbels require cryoturbation, which ranges in expression from involutions and 
organic material over the permafrost table to weakly oriented rock fragments. 
Moisture is a prerequisite to cryoturbation. Turbels that occur in drier areas occur 
on landscapes that receive run-on moisture or experienced moister conditions in 
the past. The Orthels occur in drier areas, are associated with coarsely textured 
soils, or occur in youthful parent materials where cryoturbation is inhibited. 

The committee defined new diagnostic features for use in developing additional 
taxa. Anhydrous conditions accommodate soils common to cold desert regions. 
The Glacic defines layers largely composed of ice. Cryoturbation and gelic mate- 
rials were mentioned above. 
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6.2. The Great Groups 

The Histels are further divided into great groups based largely on the amount of 
decomposition of the organic materials. However, the Glacistels key high among 
the great groups to capture soils with layers of ice that present special engineering 
concerns. The amount of decomposition is least in the Fibristels, followed by the 
Hemistels and Sapristels, respectively. 

The Turbels are divided into great groups based on the amount of organic mate- 
rials, whether the soil is very dry or experiences aquic conditions, the nature of the 
epipedon, and the presence of sandy textures in the control section. 

The great groups of the Orthels follow the Turbels closely, with one exception. 
Argillic horizons are recognized in the Orthels where lack of cryoturbation is more 
conducive to clay illuviation. 



6.3. The Families 

At the family level, temperature classes provide interpretative information about 
the Gelisols. The subgelic class (+1°C to -4°C) groups soils that are fragile and, if 
the organic mat is disturbed, tend to subside due to thawing of the upper perma- 
frost table. The pergelic class (-4°C to -10°C) includes soils in the discontinuous 
and southern portions of the continuous permafrost zones. The hypergelic class (- 
10°C and lower) encompasses the continuous permafrost zone, where disturbances 
to the organic mat do not lower the permafrost table substantially. 

The committee also attempted to add terms for features of patterned ground at 
the family level. Washburn, 1980, describes earth hummocks, sorted and non- 
sorted circles, sorted and non-sorted nets, sorted and non-sorted stripes, etc. How- 
ever, these terms are difficult to define, and intergrades exist that have characteris- 
tics of more than one feature. For these reasons, terms for patterned ground were 
never incorporated into Soil Taxonomy, but these features are very useful as 
phases of map units. 



7. Further Improvements 

The committee’s recommendations were accepted and incorporated into Soil Tax- 
onomy in 1998 (Soil Survey Staff, 1998). Pedologists throughout the world have 
used the new soil order and in the process have noted items for improvement. 

The cryic temperature regime is now defined to include soils with mean annual 
soil temperatures of lower than 8°C, but no permafrost. Some pedologists are find- 
ing this class too broad because it encompasses both the boreal, alpine, and tundra 
regions. Alternatives are being considered. 

The discovery of spodic horizons underlain by permafrost means taxa should be 
developed to accommodate such soils. Spodorthels could be developed easily, as 
Beyer and Bolter (2000) and Beyer et al. (2000) suggested. 
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In the environment where Aquorthels occur, sometimes the organic surface ho- 
rizons are not broken, nor frost cracked or mounded, and Hoefle and others (1998) 
have suggested that a Histic subgroup be added to Aquorthels to complement the 
already existing Ruptic-Histic subgroups. They also suggested adding a Turbic 
subgroup to Histels to accommodate soils in western Alaska. 

Some pedologists have noted vegetative differences between the more acid and 
non-acid soils and want taxa developed to represent the contrasts in vegetation. 
The umbric and mollic intergrades make an attempt but are not adequate. 

Cryoturbation is difficult to document adequately. The convoluted, broken ho- 
rizons do not lend themselves well to our current pedon descriptions. The commit- 
tee recommended that drawings be made to illustrate soils with cryoturbation. 
While drawings accurately portray these soils, they are not a medium readily 
transferred. Additional methods are needed to portray these soils accurately. 



8. Summary 

Originally, Soil Taxonomy inadequately defined and classified permafrost-affected 
soils. The international community under the leadership of Jim Bockheim devised 
taxa and diagnostic features to help us manage, communicate, and transfer knowl- 
edge about the fragile soils permafrost underlies. 

The committee’s success can be attributed to the chairperson’s energy and 
leadership and the willingness of scientists worldwide to share their knowledge 
and data, especially our Canadian colleagues. 
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1. Introduction 

The World Reference Base for Soil Resources (ISSS Working Group RB, 1998) 
classification includes permafrost-affected soils in three groups. The first is the 
Histosol major soil group, which includes both perennially frozen (Cryic, Glacic 
and Gelic lower-level units) (ISSS Working Group RB, 1998, pp. 13, 76) and un- 
frozen organic soils. The second is the Cryosol major soil group, which includes 
all of the perennially frozen mineral soils that have a cryic horizon (ISSS Working 
Group RB, 1998, pp. 14, 30). The third includes those soils in the Leptosol, Fluvi- 
sol, Solonchak, Gleysol, Podzol, Planosol, Albeluvisol, Umbrisol, Cambisol, Are- 
nosol, and Regosol major soil groups (ISSS Working Group RB, 1998, pp. 76-78) 
that have permafrost at depths of 100 to 200 cm. 

Regardless of how they are classified, all permafrost-affected soils have formed 
in a permafrost environment and have cryic, glacic, or gelic horizons. In addition, 
their soil water occurs primarily in the form of ice, and cryogenic processes are 
their dominant soil-forming processes. 

This chapter describes the classification of permafrost-affected soils according 
to the 1998 edition of the WRB classification system and suggests improvements. 
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2. Classification Principles 

The WRB classification system is based on four general principles (ISSS Working 
Group RB, 1998, pp. 4-9). First, the classification of soils is based on soil proper- 
ties defined in term of diagnostic horizons and soil characteristics. Second, the 
selection of diagnostic horizons and characteristics takes into account their rela- 
tionship with soil-forming processes. Third, climatic parameters are not applied in 
the classification of soils. (Note, however, that ISSS Working Group RB, 1998, 
does include temperature criteria in definitions of the cryic horizon [p. 30] and 
permafrost [p. 54] but emphasizes specific characteristics and properties that are a 
manifestation of a cold climate.) Fourth, the WRB classification system is com- 
posed of two tiers, the Reference Soil Groups (highest level; consists of 30 major 
soil groups) and the WRB Classification System (consists of a combination of pre- 
fixes as unique modifiers added to the reference soil groups). 

Four specific principles apply to the WRB classification of permafrost-affected 
soils (ISSS Working Group 1998). First, for Histosols, the material is placed 
at the highest level of the classification, thus maintaining the strict separation be- 
tween organic and mineral major soil groups, regardless of soil properties. Second, 
for mineral soils, the presence of permafrost, together with cryogenic properties, 
enters into the highest level of the classification, with Cryosols being designated 
as a major soil group. 

Third, for other mineral major soil groups (Leptosols, Fluvisols, Solonchaks, 
Podzols, Planosols, Albeluvisols, Umbrisols, Cambisols, Arenosols, and Rego- 
sols), the soil development of the particular group overrides the presence of per- 
mafrost and cryogenic processes if the cryic horizon is at a depth of more than one 
meter (otherwise they would have been classified as Cryosols, which key out ear- 
lier). In practice, this means that these mineral major soil groups do not have a 
cryic horizon within a depth of one meter. Permafrost-affected soils in these soil 
groups are identified by the Gelic lower-level unit of the group if the permafrost 
occurs at a depth of one to two meters. 

Fourth, the diagnostic cryic horizon for permafrost-affected soils therefore is 
recognized only at the first level for the Cryosol major soil group. For Histosols 
and all mineral major soil groups other than Cryosols, the diagnostic cryic horizon 
is placed at the secondary level if this horizon occurs at a depth of one to two me- 
ters. 



3. Subdivisions of the Major Soil Groups 

Standardized subdivisions (lower-level units or subunits) were developed for each 
major soil group. The lower-level units closely relate to the diagnostic criteria but 
contain additional soil properties thought to be relevant to the lower level. The 
general rules for formulating the lower-level units are summarized in ISSS 
Working Group RB (1998, pp. 60-61). Table 5.4.1 summarizes the lower-level 
units used for permafrost-affected soils. 
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Table 5.4.1. List of lower-level units, their definitions, and the major soil groups to which 
they apply (ISSS Working Group RB, 1998). 


No. 


Lower- 

level 

Units 


Definition 


Major Soil 
Group 


1 


Histic 


having a hystic horizon within 40 cm from the soil 
surface 


Cryosols 


2 


Lithic 


having continuous hard rock within 10 cm from the 
soil surface 


Cryosols 


3 


Leptic 


having continuous hard rock between 25 and 100 cm 
from the soil surface 


Cryosols 


4 


Turbic 


having cryoturbated features 


Cryosols 


5 


Salic 


having a salic horizon within 100 cm from the soil 
surface 


Cryosols 


6 


Natric 


having a natric horizon within 100 cm from the soil 
surface 


Cryosols 


7 


Gleyic 


having gleyic properties within 100 cm from the soil 
surface 


Cryosols 


8 


Andie 


having an andic horizon within 100 cm from the soil 
surface 


Cryosols 


9 


Mollic 


having a mollic horizon 


Cryosols 


10 


Gypsic 


having a gypsic horizon within 100 cm from the soil 
surface 


Cryosols 


11 


Calcic 


having a calcic horizon or secondary carbonates be- 
tween 50 and 100 cm from the soil surface 


Cryosols 


12 


Umbric 


having an umbric horizon 


Cryosols 


13 


Yermic 


having a yermic horizon including a desert pavement 


Cryosols 


14 


Aridic 


having aridic properties without a takyric or yermic 
horizon 


Cryosols 


15 


Glacic 


having an ice layer that is >30 cm thick and contains 
>95% ice (by volume) within 100 cm of the soil sur- 
face 


Cryosols 


16 


Thionic 


having a sulfuric horizon within 100 cm of the soil 
surface 


Cryosols 


17 


Oxyaquic 


saturated with water during the thawing period and 
lacking redoximorphic features within 100 cm of the 
soil surface 


Cryosols 


18 


Stagnic 


having stagnic properties within 50 cm from the soil 
surface 


Cryosols 


19 


Haplic 


having no further or meaningful characterization 


Cryosols 


20 


Cryic 


having a cryic horizon within 100 cm from the soil 
surface 


Histosols 


21 


Gelic 


having permafrost within 200 cm from the soil sur- 
face 


Others* 



*Histosols, Leptosols, Fluvisols, Solonchaks, Podzols, Planosols, Albeluvisols, Umbrisols, 



Gleysols, Cambisols, Arenosols, and Regosols. 
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This table provides the names and brief descriptions of the lower-level units 
and indicates to which major soil groups they apply. The priority rules for the use 
of lower-level soil names should be followed to avoid confusion. Lower-level 
units numbered 1 to 18, which apply only to the Cryosol major soil group, are ar- 
ranged in order of priority, with number 1 being the highest priority level. 

For example, to classify a cryoturbated Cryosol with gleyic features, one would 
follow the priority list in Table 5.4.1 and note that lower-level unit 4 (cryoturbated 
features) is the first applicable unit, making the soil a Turbic Cryosol. Lower-level 
unit 7 (gleyic properties) also applies, however, so the soil is classified as a Gleyi- 
Turbic Cryosol. 



4. Diagnostic Criteria 

The diagnostic criterion for permafrost-affected soils in the WRB classification 
(ISSS Working Group RB, 1998) is the presence of a cryic horizon (pp. 14, 30). 
Specific properties of Cryosols, such as the presence of a high (>95%) amount of 
ice (Glacic) or cryoturbation features (Turbic), are used at the lower level so that 
cryoturbated Cryosols key out immediately after the organic Cryosols (Histic 
Cryosols), shallow soils over bedrock (Lithic Cryosols), and very gravelly Cryo- 
sols (Leptic Cryosols). The presence of permafi'ost within a depth of one to two 
meters in mineral soils other than Cryosols is indicated by the Gelic lower-level 
unit. 

All cryic horizons are perennially frozen mineral or organic soil materials that 
must have: 

1 . Soil temperature at or below 0°C for two or more years in succession 

2. a. in the presence of sufficient interstitial soil water, evidence of cryoturbation, 

frost heave, cryogenic sorting, thermal cracking, or ice segregation, or 
b. in the absence of sufficient interstitial soil moisture, evidence of thermal 
contraction of the frozen soil material 

3. platy or blocky macrostructures resulting from vein ice development, and or- 
bicular, conglomeratic, and banded microstructures resulting from sorting of 
coarse soil material. 

If soil moisture is present, cryic horizons show evidence of perennial ice segre- 
gation and/or cryogenic processes (mixed soil material, disrupted soil horizons, 
involutions [swirl-like patterns in soil horizons], organic intrusions, fi-ost heave, 
separation of coarse from fine soil materials, cracks, and patterned surface features 
such as earth hummocks, frost mounds, stone circles, nets, and polygons). 

If insufficient interstitial soil water is present, the cryic horizons are dry but 
thermal contraction features occur, although more weakly developed than those in 
cryic horizons with higher moisture content. 

The following properties are also diagnostic for permafrost-affected soils: 

1. Gelic: having permafrost within 200 cm from the soil surface (ISSS Working 
Group RB, 1998, p. 66). 
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2. Glade: having a horizon within 100 cm from the soil surface that is 30 cm or 
more thick and contains 95% or more (by volume) ice (ISSS Working Group 
RB, 1998, p. 66). 

3. Turbic: having cryoturbative features (mixed soil material, disrupted soil hori- 
zons, involutions [swirl-like patterns in soil horizons], organic intrusions, frost 
heave, separation of coarse from fine soil materials, cracks, patterned surface 
features such as earth hummocks, frost mounds, stone circles, nets, and poly- 
gons), either at the surface or within 100 cm from the soil surface {in Cryosols 
only) (ISSS Working Group RB, 1998, p. 72). 



5. Major Soil Groups of Permafrost-Affected Soils 

5.1. Histosol major soil group 

In the WRB classification, Histosols are defined as organic soils having a histic or 
folic horizon either 10 cm or more thick from the soil surface to a lithic or 
paralithic contact or 40 cm or more thick and starting within 30 cm from the soil 
surface, ar^ lacking an andic or vitric horizon starting within 30 cm from the soil 
surface (ISSS Working Group RB, 1998, p. 13). The permafrost-affected Histosols 
are classified using the Cryic, Gelic, and Glacic lower-level units (ISSS Working 
Group RB, 1998, p. 76). Cryic, Gelic, and Glacic Histosols contain segregated ice 
and commonly are associated with patterned ground in the form of lowland poly- 
gons, peat plateaus, paisas, peat mounds, and ribbed and basin fens. Cryic Histo- 
sols, especially the shallow ones, are affected by cryoturbation. 



5.2. Cryosol major soil group 

In the WRB classification, Cryosols are defined as mineral soils having a cryic ho- 
rizon within 100 cm from the soil surface (ISSS Working Group RB, 1998, p. 14). 
They contain segregated ice (except for those associated with dry permafrost), 
cryoturbated soil horizons, and macro- and microstructures resulting from cryo- 
genic processes. In addition, Cryosols commonly are associated with patterned 
ground in the form of earth hummocks, circles, nets, steps, stripes, and ice-wedge 
polygons. 

Cryosols were introduced into the draft version of the WRB as a major soil 
group in 1994 (Spaargaren, 1994). This draft version of the WRB was reviewed 
and revised during the following years, and the revised Cryosol major soil group 
appeared in the 1998 edition of the WRB (ISSS Working Group RB, 1998). Table 
5.4.1 briefly defines the 20 lower-level units in the Cryosol major soil group. 
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5.3. Other major soil groups 

The Gelic lower-level units of the Histosols, Leptosols, Fluvisols, Solonchaks, 
Gleysols, Podzols, Planosols, Albeluvisols, Umbrisols, Cambisols, Arenosols, and 
Regosols are characterized by cryoturbation features and/or the presence of per- 
mafrost within 1-2 m of the surface (ISSS Working Group RB, 1998). These per- 
mafrost-affected soils usually either are coarse-textured or have a deep active 
layer because of the removal of the vegetative cover and/or surface organic layer. 
This increase in depth of thaw could result from wildfires, agricultural practices, 
or activities such as pipeline and road construction. 



6. Correlation with other Classifications 

Permafrost-affected soils are classified by other countries as Cryosols (Canada: 
Soil Classification Working Group, 1998), Gelisols (USA: Soil Survey Staff, 
1999), Cryozems and Cryomorphic soils (Russia: Mazhitova, this section. Chapter 
2), and Polar desert soils (USA: Tedrow, 1958). 

The Canadian Cryosol and American Gelisol soil orders both include all perma- 
frost-affected soils (both mineral and organic) that have permafrost within 100 cm 
of the soil surface. These orders also contain all the cryoturbated soils that have 
permafrost within 200 cm of the soil surface. 

Some of the Russian systems place permafrost-affected soils in a number of 
groups. For example, Makeev (1997) classifies all gleyed permafrost soils as vari- 
ous Tundra frozen soil types. He classified other mineral soils as Soddy frozen 
soils, Arctic stony frozen soils. Pale taiga frozen soils, Solonchaks, Podzols, Pod- 
burs, and Pseudogley frozen soils. All frozen organic soils are classified as Peaty 
frozen soils. 

The Regie lower-level unit commonly is used in the classification systems 
mentioned above, but in the WRB system it is used only for the Anthrosol major 
soil group (ISSS Working Group RB, 1998, p. 76). Note also that the definition of 
Regie as lacking recognizable buried horizons (ISSS Working Group RB, 1998, p. 
70) differs from that of the other classifications, which define Regie as soils lack- 
ing development (soils with A and C horizons). 

Very dry, high salt content, permafrost soils (having temperatures below 0°C 
within 100 cm of the surface) that are not cryoturbated and contain no visible ice 
may seem to require classifying as Solonchaks in the WRB classification. As in 
other soil classifications, however, these soils should be classified as Cryosols, 
since they contain a cryic horizon. 
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7. Testing the WRB Classification of Permafrost-Affected 
Soils 

The classification of permafrost-affected soils, and especially the Cryosol major 
soil group, was established only recently in the WRB. Any new classification 
system has to undergo a verification process, especially in the field, to test and 
validate the established classes, the criteria used to describe the classes described, 
and the definitions used for the various terms. 



7.1. Changes to the Key to the Reference Soil Groups 

If Histosols key out before Cryosols, Histic Cryosol subunits are characterized by 
a histic horizon that is 10 to 40 cm thick. Cryic Histosols have permafrost within 1 
m of the surface and have a histic horizon >40 cm thick and cryoturbation fea- 
tures. Gelic Histosols lack cryoturbation features and/or permafrost within 1 to 2 
m of the surface. 

The second alternative would be to key out the Cryosols before the Histosols. 
Under these circumstances, all soils with a histic epipedon together with cryotur- 
bation features and permafrost within 1 m of the surface are Histic (or Folic) 
Cryosols; those without cryoturbation features and/or permafrost within 1 to 2 m 
of the surface are Gelic Histosols. 

The third alternative would be to key out the Cryosols before the Histosols and 
to classify all perennially frozen organic soils as either Organic Cryosols, as in the 
Canadian system (Soil Classification Working Group, 1998), or as Histic Cryo- 
sols, similar to the term used in the American system (Soil Survey Staff, 1998). In 
this alternative, there would be no Cryic Histosols, but Gelic Histosols would ex- 
ist. Since the Cryic lower-level unit now exists only in the Histosols, it would no 
longer be needed in the WRB. 

Since perennially frozen organic soils have morphological features that result 
from cryogenic processes such as cryoturbation and thermal cracking, they contain 
a cryic horizon (ISSS Working Group RB, 1998, p. 30). In addition, the use and 
management of perennially frozen organic soils are similar to those of perennially 
frozen mineral soils. Therefore, we recommend that Cryosols key out first in the 
Key to the Reference Soil Groups, followed by Histosols without permafrost. 
Such a change would make the WRB more eonsistent with other soil classifica- 
tions that have been subjected to comprehensive testing. 



7.2. Changes to horizon and lower-level unit definitions 

7.2.1. Histic horizon 

The histie horizon (ISSS Working Group RB, 1998, page 35), as now defined, has 
a thickness of 10 cm or more. The US Soil Taxonomy (Soil Survey Staff, 1999), 
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however, requires a 20-cm minimum thickness for this horizon (Soil Survey Staff, 
1998, p. 14). In The Canadian System of Soil Classification (Soil Classification 
Working Group, 1998, pp. 73-78), the minimum thickness criterion for Histic 
subgroups of Cryosols is 15 cm. The thickness is based on the average minimum 
thickness of the organic layer in the Canadian Arctic. We therefore suggest that 
the minimum thickness of the histic horizon be 15 cm. 

7 . 2 . 2 . Regie unit 

A Regie lower-level unit should be included for Cryosols. The terms Rego or Re- 
gosol (regolith in geology) commonly are used in soil science and geology, and in 
some of the soil classifications they also are used for soils with very little or no 
soil development. The definition of Regie on page 70 (ISSS Working Group RB, 
1998), “lacking recognizable buried horizons (in Anthrosols only),” is misleading; 
a term other than Regie should be used for this definition. The definition of Regie 
should be “Regie: lacking recognizable soil horizon development.” 

7 . 2 . 3 . Organic unit 

The Organic lower-level unit should be used only for Cryosols having an organic 
layer greater than 40 cm thick. This unit must have at least 18% (by weight) or- 
ganic carbon (30% organic matter). 

7 . 2 . 4 . Cambic Horizon 

This is the diagnostic horizon for the Cambic lower-level units. It should apply to 
the Cryosols as defined on page 28 (ISSS Working Group RB, 1998). 

7 . 2 . 5 . Luvic and Spodic units 

Luvic and Spodic lower-level units should be included for Cryosols as defined on 
pages 68 and 72 (ISSS Working Group RB, 1998), respectively. 

7 . 2 . 6 . Cyric unit 

The Cryic lower-level unit (having a cryic horizon within 100 cm from the soil 
surface) should be dropped from the WRB classification. The Gelic lower-level 
unit should be defined as having permafrost within 100 to 200 cm from the soil 
surface. The Gelic lower-level unit then should be used for all major soil groups 
except Cryosols. 
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7.2.7. Turbic unit 

In the definition of Turbic (ISSS Working Group RB, 1998, p. 72), the statement 
that it applies in Cryosols only should be removed since it may apply to all major 
soil groups containing Gelic lower-level units. 



7.3. Suggested third and fourth level qualifiers 

Add third and fourth level qualifiers to the system. Third and fourth level qualifi- 
ers should be taken from lower portions of the classification hierarchy. The fourth 
level qualifier should be given in parentheses after the reference soil group name - 
e.g., Umbri-Turbic Cryosol (Stagnic). 



7.4. Suggested changes and additions to the priority listing of lower 
level units 



An asterisk (*) marks the proposed new units. 



HISTOSOLS CRYOSOLS 

Cryic Organic* 

Glacic Glade 

Gelic Turbic 

Salic Thionic 

Stagnic 
Histic 
Leptic 
Salic 
Gleyic 
Andie 
Natric 
Gypsic 
Calcic 
Luvic* 
Spodic* 
Umbric 
Cambic* 
Regie* 
Lithic 
Mollic 
Yermic 
Aridic 
Oxyaquic 
Haplic 
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We also suggest using Calcic, Eutric, and Dystric as qualifiers for the Cryosol 
major soil group at only the third and fourth levels. 



7.5. Suggestion relating to relict Cryosols 

Paleosols that were formerly Cryosols but now are not associated with permafrost 
should not be classified as Cryosols even though they may contain cryogenic fea- 
tures such as cryoturbated soil horizons, sand wedges, and ice-wedge casts. The 
classification of these soils should be handled by using a turbic qualifier with the 
appropriate major soil group. 



8. Conclusions 

The WRB is intended to be the international reference base for classification of 
permafrost-affected soils. To achieve international acceptance, numerous com- 
promises were made, but they led to contradictions in the definitions and concepts 
and, in some cases, negatively affected the scientific value of the classification 
system. 

Cryopedologists should now rigorously test the WRB classification. We have 
begun this process (Tables 5.4.2, 5.4.3, 5.4.4, 5.4.5), but more extensive field 
testing and evaluation are needed. The classification also should be tested in a soil 
mapping project to determine how well the system works on a permafrost land- 
scape. If these steps are carried out, the classification of permafrost-affected soils 
will truly fulfill the principles stated in ISSS Working Group RB (1998, pp. 4-5): 
that “WRB is meant to be a comprehensive classification system that enables peo- 
ple to accommodate their own national classification system” and that it will serve 
“as a link between existing classification systems” and “as a common denominator 
for communication at an international level.” 
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Table 5.4.4. Morphological and analytical data for pedons classified in Table 5.4.2. 
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Section 6. Management and Use of Cryosols 




Cryosols — Permafrost-Affected Soils. J. Kimble, ed. 



Management and Use of Cryosols: 
Introduction 



LB. Campbell^ 

^Research Scientist, Land and Soil Consultancy Services, 23 View Mount, Nelson 
7001, New Zealand; e-mail iaincampbell@xtra.co.nz . 



In recent decades, Cryosols of both the Arctic and Antarctic regions have been 
subjected to increasing anthropogenic activities originating from both local and 
lower-latitude, global actions. These regions are among the last relatively pristine 
areas remaining on our planet. Like all other areas, human actions threaten them. 

Measurements have shown that atmospheric processes and ocean currents 
transport pollutants originating from mid latitudes to the Polar regions, more so to 
the Arctic than to the Antarctic region. Increasing levels of activities in the polar 
regions also have added materially to the degree of soil and environmental 
disturbance, while fiiture effects on polar ecosystems from global warming and 
depletion of stratospheric ozone are expected to affect seasonal distribution of 
snow cover and sea and ground ice, as well as soils and associated ecosystems. 

In recent times, awareness of the need for improved management of the Polar 
regions has increased. Eight countries, including Canada, Denmark, Finland, 
Iceland, Norway, Russia, Sweden, and the USA, agreed in 1991 to develop an 
Arctic monitoring and assessment programme (AMAP). The Antarctic Treaty 
established procedures that now largely govern activities in the Antarctic. 

The contributions in this section’s three chapters provide a useful insight into 
the extent and diversity of soil and land management issues for Cryosols of the 
polar regions. They demonstrate how, with increasing latitude and progressively 
colder conditions, the opportunities for use diminish, while the need for 
appropriate management grows. Greater knowledge and understanding of 
Cryosols will undoubtedly be the key to future management and use. 




Chapter 1. Agricultural Use of Tundra Soils in the 
Vorkuta Area, Northeast European Russia 



I. Archego va’, N. Kotelina^, and G. Mazhitova^ 

'Professor, Institute of Biology, Komi Science Center, Russian Academy of Sci- 
ences, 28 Kommunisticheskaya St., Syktyvkar, 167982 Russia; e-mail 
archegova@ib.komisc.ru . 

^Senior Researcher, Institute of Biology, Komi Science Center, Russian Academy 
of Sciences, 28 Kommunisticheskaya St., Syktyvkar, 167982 Russia; e-mail 
archegova@ib.komisc.ru . 

^Senior Researcher, Institute of Biology, Komi Science Center, Ural Division, 
Russian Academy of Sciences, 28 Kommunisticheskaya St., Syktyvkar, 167982 
Russia; e-mail mazhitova@ib.komisc.ru . 



1. Introduction 

There are two centers of forage production in European Russian tundra, one near 
Murmansk on the Kola Peninsula and the other around Vorkuta, in the northeast of 
European Russia. Tundra on the Kola peninsula has no permafrost but around 
Vorkuta has massive-island permafrost. Vorkuta is a center of a large coal basin 
where coal has been developed since the 1930s. During the Soviet era, agricultural 
development of tundra lands was considered expedient around large towns 
(Vorkuta had pop. 101,000 in 1981; Murmansk, 394,000 in 1982) to supply them 
with food. Agriculture there included dairy husbandry, forage production, and 
greenhouse vegetable production. 

Agronomists who were Gulag prisoners began research into the development of 
tundra soils in the 1940s, and the Institute of Biology, Komi Science Center, Rus- 
sian Academy of Sciences, continued it since the late 1950s. In a relatively short 
period, the Institute found an expedient approach to tundra agriculture, establish- 
ing artificial meadows sown with perennials. Proper selection of native plants, 
along with proper management techniques during meadow establishment and 
maintenance, provides meadow stability, so that the meadow can function indefi- 
nitely (Khantimer, 1974; Archegova and Kotelina, 1979, 1983; Archegova et al., 
1988). Cultivation of an annual pea-oat mixture widely adopted in the taiga zone 
also was tested in tundra but could not provide stable yields. 
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This chapter analyzes changes in tundra soil properties following these soils’ 
development, by comparing virgin soils to those of annual and perennial agro- 
phytocenoses. 



2. Study Area 

2.1. Landforms 

The study area is a rolling plain with bogged depressions. It also has some hills, 
composed of bedrock and overlain with Quaternary deposits of varying thickness. 
All across the area, the uppermost layer of these deposits is a rather uniform cov- 
ering of loess-like silty loam which serves as a soil-forming material and varies in 
thickness from 0.5 to 5 m, depending on the landform. 



2.2. Climate 

Mean annual air temperature in Vorkuta is -6.3°C. Snow cover persists from mid- 
October to early June. The mean duration of the season with an air temperature 
higher than 0°C is 125 days; higher than 5°C, 90 days; and higher than 10°C, 43 
days. Mean annual precipitation is 550 mm, and the large share of it falls in late 
summer. Evaporation does not compensate for the precipitation. 

The area belongs to the zone of massive-island permafrost (Ershov, 1988). 
Open and close taliks cover about 50% of the area. Permafrost temperatures vary 
around -1°C. Permafrost thickness varies greatly, from 10 to 150 m. Both an ac- 
tive layer and a seasonally frozen layer average 1.5 to 2.0 m thick, yet the shal- 
lowest active layer in mineral soils may be only 60 to 80 cm thick. Frost heave 
and thermokarst are characteristic. 



2.3. Landscape 

The area belongs to the southern tundra subzone characterized by the distribution 
of relatively high shrubs - birch and willow. Shrub communities cover about 60% 
of the watersheds. Two landscape types are commonly chosen for forage growth, 
though they do not cover the whole landscape diversity. 

Landscape 1 is on nearly level hilltops and long gentle slopes. Shrubby birch 
(Betula wa«q)/willow {Salix 5p/?.)/moss community is characteristic. Shrubs are 60 
to 100 cm high. Also, dwarf shrubs like cowberry (Vaccinium vitis-idaed) and 
blueberry {Vaccinium uliginosum), as well as sparse grasses and sedges, occur in 
these communities. Green mosses and Politrichum dominate as ground cover. Or- 
ganic hummocks occur. The sites are permafrost-free or with a deep position of 
permafrost table (more than 150 cm). 
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Landscape 2 is on convex landforms and some southeast facing slopes, where 
snow cover is shallow and winter conditions are most severe, resulting in a shal- 
low (80 to 150 cm) active layer. Shrubby birch/moss/lichen communities are typi- 
cal, sometimes with significant Ledum share. Birch is 30 to 40 cm high. Patterned 
grounds are well developed and include both earth hummocks and tundra circles 
(bare areas). 



3. Methods 

3.1. Field descriptions 

Since the start of agricultural development of the tundra in the late 1950s, the In- 
stitute of Biology has monitored agrophytocenoces and their soils. The monitored 
lands are the property of two state farms belonging to the Vorkutaugol company. 
Two main monitoring locations are on the gentle slope of the Vorkuta River valley 
and at a Nerusovey-Musur hill (67°3 T N 64°03 to 08'E). 

During the first 10 years, the study was conducted annually. Later field obser- 
vations were repeated at varying intervals but not rarer than once every three 
years. Studies monitored properties of the soils of artificial perennial meadows 
and of the pea-oat field (annual cenosis), their productivity, and the herbage com- 
position of the meadows. At the same time, virgin soils were studied. 

Monitored agrophytocenoses were under continuous economic use. Permanent 
transects were established, three in artificial meadows and three in the pea-oat 
field. Observations and sampling were conducted along the transects two or three 
times in a growing season, before the herbage harvesting in late July. 



3.2. Geobotanical samples 

Geobotanical descriptions were made, and herbage samples were taken to deter- 
mine the yield separately for each species. Herbage was cut for this purpose in the 
plots 50x50 cm, at 3 cm above soil surface, in 16 replications per transect. 

To determine root weight, soil monoliths were taken periodically (once in 3 to 
5 years) from the upper 10- to 15 -cm soil layer, in three to five stations per tran- 
sect. The roots were washed out and passed through a round-hole 0.25-mm sieve; 
living and dead roots were treated separately. 



3.3. Soil samples 

Along the same transects, soil samples were taken in three to five stations per 
transect. Samples were taken from a cultivation-affected layer at a depth of 0 to 5 
and 5 to 10 cm. Periodically, samples were taken from a deeper layer, down to a 
depth of 30 cm. Virgin soils were studied at Nerusovey-Musur in 2 permanent 
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sites, representing the two landscape types described above. Four soil profiles per 
landscape were chosen, representing components of patterned ground (an earth 
hummock, a bare area, etc.). Sampling periodicity provided for characterization of 
interannual variability of the indexes. 

All soil samples (from both virgin and cultivated soils) were analyzed for or- 
ganic carbon, hydrolyzable nitrogen, available P and K, exchangeable Ca and Mg, 
and hydrolytic acidity, according to Russian standards (Frolov, 1975). A <l-mm 
fraction was used for most analyses, which is different from the western standards. 
The analyzed soils, however, practically do not contain a 1- to 2-mm fraction, 
which allows one to neglect the difference. 

Organic carbon was determined by acid-dichromate digestion. Coefficient 1.72 
was used to present data as humus content. Hydrolyzable N was measured by 0.5 
7 VH 2 SO 4 extraction, available P, by 0.2 A^HCL extraction, available K, by atomic 
absorption, exchangeable Ca and Mg, by 1 N NH 4 CI, and hydrolytic acidity, by 1 
N CHsCOONa extraction. 



3.4. Water and temperature regimes 

Soil water and temperature regimes of two virgin soils and two cultivated ones 
(under an artificial meadow and pea-oat field) were studied at Nerusovei-Musur in 
1974-1980 (Kononenko, 1986). Mostly summer indexes were measured. Recently 
(from 1996 to the present) Mazhitova obtained new material on the soil moisture 
and thermal regime in the same area. Stress has been laid on year-round measure- 
ments. Miniature ONSET loggers were used to record temperature. Soil degree- 
days (SDD) were calculated by summarizing corresponding mean daily tempera- 
tures. 



4. Characterization of Virgin Tundra Soils 

Most of the important tundra soil properties are explainable from the soil’s long 
preservation in a frozen state, slow thaw under heat-isolating moss cover, and 
short cool summers. Combined with low evaporation, these conditions cause satu- 
ration of the upper mineral soil layer with water for rather long periods, and thus 
the development of gley and thixotropy. The soil classification is: 

Landscape Type 1 - Shallow-peatyfied Surface-gleyed Gleyzem (Klassifi- 
katsiya pochv Rossii, 1997); Dystric Gleysol (FAO, 1998); Typic 
Cryaquept (USDA, 1998). 

Landscape Type 2 - Shallow-peatyfied Surface-gleyed Gleyzem; Gleyi- 
Turbic Cryosol or Distry-Gelic Gleysols; Typic or Ruptic-Histic Aquitur- 
bels (same sources, respectively). 

A typical soil profile contains the horizons Oi-A-Bg-B-BC in Landscape 1 and 
Oi-A-Bgjj-Bjj-BCf in Landscape 2. 
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The Oi horizon thickness varies from 1 cm under bare areas (tundra circles) to 
10 to 25 cm under the other components of patterned grounds. Its maximum 
thickness is under organic hummocks. 

The A horizon is 2 to 5 cm thick. Humus accumulation is due to cryogenic co- 
agulation (Archego va, 1972). 

The Bg horizon when frozen has a network of ice microveins. This structureless 
thixotropic horizon, which is saturated for most of the time, is practically water- 
proof (Kononenko, 1986). Its thickness varies from 15 to 25 cm. 

The B and BC horizons are morphologically non-gleyed or weakly gleyed and 
have well developed fine to medium angular structure or, in the lower part of the 
BC horizon, a medium prismatic one. 

Morphological features of the soils correspond to nutrient distribution in their 
profiles (Table 6.1.1). Available N, P, and K and exchangeable Ca and Mg accu- 
mulate in the organic horizon and decrease in content in the Bg horizon. An in- 
crease in P and K farther down relates to the parent material’s composition. Soil 
organic matter mainly occurs in a form of weakly decomposed plant residues in 
the organic horizon. Variations in nutrient content depend on the degree of the 
residue’s decomposition. 



Table 6.1.1. Selected chemical properties of virgin tundra soils. 



Ho- 

rizon 


Depth, 

cm 


pH(H20) 


Hydro- 

lyt. 

acidity 


Exchange- 
able bases 


% hu- 
mus 


Available 


1 Ca 1 


Mg 1 


N 


1 P 


1 K 


cmol/kg soil 


1 mglOO/gsoil 


Landscape 1. Soil of an organic hummock. 














Oi 


0-24 


5.5 


54.8 


45.5 


7.5 


- 


15.8 


23.8 


174.2 


A 


24-26 


4.7 


40.9 


3.44 


2.41 


14.7 


4.6 


4.1 


13.9 


Bg 


26-36 


5.0 


9.5 


1.0 


0.8 


1.2 


3.7 


7.4 


3.5 


Bg 


36-46 


5.2 


10.1 


1.4 


1.1 


1.6 


2.3 


6.7 


3.9 


B 


46-52 


5.3 


8.6 


2.5 


1.8 


0.8 


1.4 


10.1 


5.9 


B 


52-60 


5.3 


6.8 


5.5 


1.7 


0.6 


- 


10.7 


10.1 


Landscape 2. Soil of an earth hummock. 














Oi 


0-9 


5.2 


58.5 


43.7 


7.0 


- 


49.9 


16.9 


141.3 


A 


9-14 


5.0 


13.7 


6.1 


4.0 


4.4 


4.6 


5.5 


14.9 


Bg 


14-26 


5.6 


4.2 


5.0 


3.0 


1.1 


1.1 


1.7 


8.7 


Bg 


26-36 


5.5 


16.8 


5.1 


4.5 


1.1 


1.7 


12.9 


9.6 


B 


36-46 


5.3 


6.9 


3.6 


3.9 


1.0 


1.9 


8.9 


8.9 


BC 


46-56 


5.4 


6.5 


4.9 


2.8 


0.8 


1.7 


10.8 


9.6 


BC 


56-66 


5.7 


4.2 


6.9 


4.4 


0.6 


1.7 


16.9 


15.0 


Landscape 2. Soil of a bare area. 














Oa 


0-1.5 


6.4 


6.2 


21.5 


10.4 


12.8 


6.1 


4.7 


18.9 


Bg 


1.5-10 


5.7 


6.1 


7.2 


4.5 


0.7 


4.2 


13.0 


15.5 


Bg 


10-18 


5.5 


7.3 


6.7 


5.1 


0.7 


0.9 


12.8 


14.8 


B1 


18-30 


5.7 


6.9 


8.5 


5.1 


0.6 


1.7 


12.9 


17.2 


B2 


30-40 


5.9 


5.8 


8.9 


5.9 


0.7 


- 


13.3 


17.9 


B2 


40-50 


6.1 


4.4 


8.9 


6.7 


0.6 


2.9 


15.1 


17.8 


BC 


50-60 


6.0 


5.6 


10.3 


4.9 


0.7 


2.0 


17.8 


16.9 
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A boundary between organic and mineral soil layers is abrupt, and shrub roots 
do not go lower than a moss-peat layer, which is an obvious consequence of the 
unfavorable temperature and moisture regime of the mineral horizons. Shrubs 
have a widely spreading horizontal root system which pierces the organic layer, 
providing for the most efficient use of nutrients leached from plant residues. In the 
same layer, concentrated substrate microorganisms rework the residues. Thus the 
organic layer bears the soil’s fertility. The biocenosis is highly autonomic and 
weakly connected with a mineral soil. 



5. Cultivation of Tundra Soils 

Cultivation starts with removing tundra vegetation and establishing grasses uni- 
form in species composition. It also removes the fertility-bearing organic layer of 
virgin soils. The thixotropic Bg horizon, least favorable for plant growth, provides 
material for a cultivated soil formation. 

Cultivation of tundra areas outside floodplains began in the mid-1950s and in- 
tensified in the early 1960s, when the Institute of Biology found expedient agro- 
technical methods. Soon after that, the area of cultivated lands near Vorkuta 
reached several thousand hectares. 

Climate and soil features limited the use of traditional agricultural techniques, 
and proper selection of forage species was especially important. Slow thaw, a 
short snowless period, long periods of soil saturation, and thixotropy in the upper 
mineral horizon made it practically impossible to till the soils with the upper layer 
inversion. Besides, the tillage required preliminary removal of tundra vegetation. 
Therefore, a tractor harrow was adopted as a main instrument of cultivation. 



5.1. Tillage methods 

A cultivated area was harrowed several times in different directions to provide for 
the disintegration of shrubs up to 80 cm high and for partial mixing of their resi- 
dues with the Bg horizon. However, more common was preliminary bulldozing to 
remove shrubs and the moss-peat layer. 

Later, cultivation techniques improved with rototilling, which does not require 
preliminary removal of shrubs up to 1.5 m. Repeated rototilling provided for the 
disintegration of mosses and other plants and mixed their remnants with a mineral 
layer, and it reduced the time to prepare a soil before sowing to one or two years, 
in contrast with the first method’s two or three years (Archegova, et al., 1988). 
Expenses for primary cultivation also were lower. 
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5.2. Fertilizing 

During the primary cultivation of a virgin soil, application of 80 to 100 t/ha of 
manure and 8 to 10 t/ha of lime was recommended. At sowing, a complete inor- 
ganic fertilizer also was required, at a rate of 60 to 120 kg/ha of primary nutrient. 
Later on, plant growth was supported by the annual application of nitrogen fertil- 
izer and, every two or three years, additional application of P and K, not less than 
60 kg/ha of primary nutrients. 

Figure 6.1.1 shows the yield’s fluctuations, depending on fertilization. It is im- 
portant that plant residues mixed with the thixotropic Bg horizon remain weakly 
decomposed for more than 1 8 years, as our observations show. This improves the 
water regime by providing additional aeration, but it does not increase the nutrient 
pool. 



5.3. Plant selection 

We already have stressed the Importance of plant species’ selection to growing for 
forage in tundra. Establishing artificial perennial meadows based on the selection 
of native plant species has proved to be efficient in tundra areas. Tests showed that 
Poa pratensis and Alopecurus pratensis from local native populations were the 
best under cultivation. These species are well adapted to the local climate and effi- 
ciently reproduce themselves both by seeds and vegetatively. The latter is espe- 
cially important for establishing and supporting an artificial meadow. 



5.4. Meadow stages 

An artificial meadow forms in three stages. First, a “weedy” stage persists for one 
or two years. Second is a stage which establishes the meadow as a cultural eco- 
system; by the end of this stage, which lasts about 10 years, a soil which corre- 
sponds to the plant community has formed. The third stage is the stable function- 
ing of the artificial meadow (agrocenosis); under proper meadow exploitation, this 
stage lasts indefinitely. One of the first artificial meadows has functioned success- 
fully for over 40 years so far (Kotelina et al., 1998). 

Studies also have been conducted on additional native plant species to enrich 
the herbage. From the species selected, grass, grass-leguminous, and herb-grass- 
leguminous perennial agrocenoses have been established which are still function- 
ing in economic terms. 



5.5. Yields 

In the taiga zone, annual species (oats and peas) are sown traditionally for forage 
but were proved not expedient in the tundra. The rhythm of their biological devel- 
opment does not correspond with tundra climatic conditions, and economically 




668 



Archegova, Kotelina, and Mazhitova 



significant yields can be obtained only in years with favorable weather conditions. 
For example, from 1959 to 1982, the yield of annual plants reached 10 t/ha only 
five times, whereas perennial grasses varied from 1.2 to 1.5 t/ha for more than half 
of this period. Even though difficulties with supplying farms with perennial seeds 
forced some of the farms to sow oats, establishing an artificial meadow proved 
ecologically the best method for using the tundra’s limited soil and climate re- 
sources. 




Figure 6.1.1. Yield dynamics in the artificial tundra meadow. Fertilizer rate: 1 - N, 2 - P, 3 
- K, 4 - hay yield, 5 - years when manure has been applied. 
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6. Characterization of Cultivated Soils 

Management, fertilizers, and grasses cause changes in soil properties. Soils under 
perennial and annual vegetation clearly differ. 



6.1. Meadow Layer properties 

Under an artificial meadow, in the third year after primary cultivation, the upper 
10-cm soil layer was a silty loam, mottled due to alternation of reduced and oxi- 
dized areas, and with numerous coarse plant residues. In the sixth year, the culti- 
vated layer was uniformly brown, and a roughly formed sod sublayer appeared, 3 
cm thick. In the eighth year, this 3 -cm sod was well formed and underlain by 7 cm 
of a humus-enriched layer with dense roots and residues of shrubs and mosses. A 
residual thixotropic Bg horizon and B horizon underlay this layer, and both of 
them preserved all features of virgin soils. 

In the 17th and 37th years, the cultivated layer contained two horizons, a soddy 
one varying in thickness from 2 to 7 cm and an A horizon varying from 9 to 14 
cm. Total depth of the newly formed layer ranged from 10 to 14 cm, which corre- 
sponded to the depth of cultivation. Deeper horizons repeated those of a virgin 
soil. Variations in the horizons’ thickness reflected heterogeneity of the virgin 
soil. 

A special study conducted in a chronosequence of meadows showed that the 
root density in a sod increased following differentiation of the cultivated layer into 
horizons. Root distribution corresponds with the horizonation. Thus, under a 38- 
year-old meadow, root weight in the 0- to 5-cm layer was 2.5 kgW, whereas it 
was 1.1 kgW in the 5- to 10-cm layer. 



6.2. Hydrology 

Soil hydrological characteristics changed with changes in the cultivated layer 
properties. After 15 years from meadow establishment, total soil porosity reached 
53 to 80%; at that level, pores of aeration totaled 39 to 66%. In virgin soils, pores 
of aeration in the thixotropic Bg horizon are practically absent or a total of 2 to 3% 
(Kononenko, 1986). 



6.3. Nutrient content 

Humus and nitrogen content in cultivated soils corresponds to biomass distribution 
within soil profiles. The thixotropic Bg horizon of a virgin soil has low humus 
content (see Table 6.1.1), the humus is of illuvial origin, and fulvic acids dominate 
its composition. Following cultivation, a humus-accumulative horizon develops 
with humic acids dominant. Nutrient content is affected by easy decomposition of 
grass residues, compared to the moss ones, but also by fertilizer application. Table 
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6.1.2 shows that nutrient content is maximum in a sod layer where the nutrients 
are taken from by roots, whereas, below there, their content decreases. 

Thus, changes in a plant community and fertilizer application result in forma- 
tion of a cultivated soil layer replacing partly the thixotropic Bg horizon. This 
layer contains a sod horizon typical for the soils of grasslands. It is important that 
formation of the horizon and transformation of a sown into a stable perennial 
community are completed simultaneously, i.e., that rhythms of the soil and bio- 
logical components of the ecosystem coincide. The lower boundary of the agro- 
phytocenosis corresponds to the depth of cultivation. 



6.4. Classification 

Soil classification after at least 10 years of cultivation is as follows: Haplic or 
Humic Gleysol, sometimes Gelic Gleysol (FAO, 1998); Typic or Humic 
Cryaquept, sometimes also Typic Aquiturbel (Soil Survey Staff, 1998). 

The new Russian classification (Shishov and Dobrovolsky, 1997) does not pro- 
vide a proper unit for classification of these soils because, at this stage, it does not 
consider the diversity of cultivated tundra soils. We propose including a Soddy 
subtype in the Surface-gleyed Agrozem type, the latter provided by the classifica- 
tion. 



6.5. Annual plants 

Soils under annual agrocenoses change in a different way. To support annual 
plants, a soil requires annual treatment, harrowing. The effect of biological factors 
is lower under an annual community than under the perennial one, but the effect of 
mechanical treatment and fertilizers is higher. 

Soils of these communities also differ from those supporting perennial mead- 
ows. After 30 years of growing a pea-oat mixture, the soil had a cultivated Ap 
layer from 9 to 14 cm thick; this layer was loamy, dark gray, with very fine 
subangular structure and dense roots. It overlay a residual Bg horizon up to 17 cm 
thick, loamy, slightly thixotropic when saturated. The underlying B horizon, as in 
virgin soils, had fine to medium angular structure and was not gleyed and not 
thixotropic. 

After 35 years of growing the pea-oat mixture, the soil had about the same pro- 
file. It had a 12- to 14-cm thick Ap horizon, dark gray, loose, with dense living 
and dead roots, remnants of an organic fertilizer, and an abrupt boundary with an 
underlying Bg horizon. The latter was hard, with rare roots, and represented a 
typical plough sole. 
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Table 6.1.2. Changes 


in chemical characteristics of the soil of an artificial meadow. 


Horizon 


Depth, 


pH 


% 


1 Exchangeable 




Available 






cm 


(H 2 O) 


humus 


1 Ca 


1 Mg 


N 


1 P 1 


K 










1 cmol/kg soil 




mg/lOOg soil 


8th year after the meadow establishment (1965). 
A 0-10 6.1 6.9 14.8 


2.4 


13.6 


6.2 


18.3 


Bg 


10-20 


5.6 


1.1 


4.4 


1.5 


9.3 


3.9 


3.9 


19th year after the meadow establishment (1976). 
A (sod) 0-3 6.9 7.4 31.7 


2.2 


27.6 


134.1 


36.6 


A 


3-7 


6.3 


3.6 


14.5 


1.8 


5.4 


30.2 


25.6 


Bg 


7-12 


6.0 


1.6 


7.2 


1.5 


4.4 


7.5 


18.0 


Bg 


12-22 


5.0 


1.4 


4.5 


1.4 


6.3 


2.8 


4.0 


2 1st year after the meadow establishment (1978). 
A (sod) 0-5 6.3 5.5 8.2 


1.2 


11.5 


50.3 


18.9 


A 


5-10 


6.2 


3.2 


5.9 


1.4 


8.1 


20.5 


9.8 


Bg 


10-15 


6.3 


2.8 


5.6 


1.5 


8.3 


18.5 


11.4 


30th year after the meadow establishment (1987). 
A (sod) 0-10 6.5 8.8 45.2 


4.2 


9.9 


26.0 


13.3 


35th year after the meadow establishment (1992). 
A (sod) 0-5 6.4 18.9 




18.2 


509.5 


44.6 


A 


5-10 


5.9 


5.8 


- 


- 


6.1 


216.2 


17.7 


39th year after the meadow establishment (1996). 
A (sod) 0-6 6.4 11.1 




13.8 


131.1 


66.4 


AB 


6-17 


5.9 


16.3 


- 


- 


4.4 


50.8 


23.6 


Bg 


17-27 


5.6 


2.9 


- 


- 


3.7 


4.1 


8.6 


BC 


75-70 


- 


0.7 


- 


- 


1.2 


15.2 


15.5 



Chemical characteristics of a cultivated “arable” layer were conditioned by fer- 
tilizer application. Humus content in the Ap horizon was 5.5%, and available N, P, 
and K content was 16.0, 17.4, and 18.8 mg/lOOg soil, respectively. Irregular lim- 
ing after the first years of cultivation caused a decrease in pH from 8.0 to 4.5, and 
that in exchangeable Ca, from 33.5 to 3.1 cmol/kg. Below the cultivated layer, 
nutrient and humus content dropped sharply. 

Soil classification is as follows: Typical Surface-gleyed Agrogleyzem (Shishov 
and Dobrovolsky, 1997); Haplic or Humic Gleysol, sometimes Gelic (FAO, 
1998); Typic or Humic Cryaquept, sometimes Typic Aquiturbel (Soil Survey 
Staff, 1998). 

6.6. Changes in soil water and moisture regimes after cultivation 

Shamanova (1970) is the only author who measured directly the depth of perma- 
frost following tilling in the Vorkuta vicinity. A site tilled in July had a 195-cm 
active layer in October the same year, versus 160 cm in a virgin site located 150 m 
away. The experiment was conducted in Landscape Type 1. The same author re- 
ported that, in another site, also representing Landscape Type 1, six-year tilling re- 
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suited in a permafrost drop from 120 to 230 cm. However, the following should be 
taken into account. 

Shamanova’s research had been conducted in the period corresponding to the 
coldest part of a half-century natural climatic cycle. Data of comprehensive geo- 
cryological monitoring conducted in the same area by the Polar Ural Geology 
company show that the average depth of seasonal thaw increased sharply during 
the warming phase of the same cycle; in places, the permafrost table dropped 
down to several meters (Oberman, 1998). 

Kononenko (1986) and Mazhitova did not find permafrost within at least 160 
cm from the soil surface either under meadow and an arable site or in Landscape 
I’s virgin soils. Besides, they had no information on the depth of permafrost be- 
fore cultivation on these sites. Thus, neither author could draw conclusions about 
the behavior of permafrost following cultivation. Kononenko ’s study was con- 
ducted in the coldest years of the climatic cycle and Mazhitova ’s, in its warmest 
years. 

We also examined a number of meadows in various locations and found perma- 
frost nowhere within 160 cm. Thus, either permafrost drops significantly (Land- 
scape 2) or does not appear (Landscape 1) following cultivation. Still, we suppose 
that, several decades after establishing a meadow, thermal conditions may be in 
equilibrium and probably do not depend any more on the position of the perma- 
frost table preceding cultivation. 

Figure 6.1.2 shows a temperature regime of the soil of an artificial meadow in 
comparison with that of the soil of Landscape 1 and the coldest version of Land- 
scape 2. Data for the period from September 1997 to October 1998 are presented 
as an example. The winter temperature regime of the meadow soil is very similar 
to that of Landscape 2, and the summer regime of this soil is closest to that of 
Landscape 1. 

Table 6.1.3 shows some characteristics of the three soils. Snow depth is a prin- 
cipal index conditioning winter soil temperatures. According to Shamanova, val- 
ues of about 50 cm separate permafrost-affected sites, on one hand, and perma- 
frost-free sites or the sites with deep permafrost table position, on the other hand. 
Again, winter characteristics of the meadow soil (sums of negative temperatures 
and minimum temperatures but not the duration of cold period) are close to that of 
the soil of Landscape 2 (the “cold” one). 

Summer characteristics of the meadow soil are even “warmer” than those of 
Landscape 1 (the “warm” one) (see, for example, sums of temperatures higher 
than 10°C). A wider range of variations in most indexes is characteristic for the 
meadow soil, compared to virgin soils. Mean annual soil temperature in the 
meadow is below zero, though permafrost (if it occurs) has a deep table position 
and seasonal freezing never reaches it. Negative MAST in the soils of close taliks 
can occur in the areas with island and discontinuous permafrost; for example, in 
Lapland (Raisanen et al., 1999). 
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Table 6.1.3. Selected characteristics of the temperature regime of virgin soils and a soil of 
artificial meadow (range of changes in 1996 through 1999). 


Index 


Artificial meadow 


Landscape 1 


Landscape 2 


Snow depth, cm 


40-50 


78-112 


35-45 


MAST, °C, 50 cm 


-0.4..-2.3 


2.3* 


-4.2* 


Min temp., °C, 20 cm 


-8.7..-16.0 


-2.3. ..-3.3 


-14.4..-15.3 


SDD (<0°C), 20 cm 


-577..-1529 


oo 

1 

uS 

1 


-1406..-1650 


SDD (>0°C), 20 cm 


598-694 


594-710 


160-240 


SDD(>10°C), 20 cm 


0-82 


0 


0 


Depth of seasonal freezing, cm 


140-160 


100-125 


Not applicable 


Depth of seasonal thaw, cm 


Not applicable 


Not applicable 


63-67 


Duration of period with temp. 
<0°C at 20 cm depth 


234-248 


143-231 


220-250 



* Data for only one year are available. 



7. Conclusions 

Forage can be grown in the tundra zone with massive-island permafrost. Grassing, 
i.e., establishing a meadow sown with perennials based on selection of native spe- 
cies, proved the most expedient method of forage production. Still, due to diffi- 
culties producing seeds of native species, annual plants (pea-oat mixture) tradi- 
tional for the taiga zone continue to be grown in tundra. 

Cultivating watershed tundra soils causes changes in the soils, depending on the 
type of agrophytocenosis. The most important changes are the formation of a 
soddy layer under perennial meadows and a ploughed horizon under annual com- 
munities. That is, given the same fertilizing, the difference between the soils de- 
pends on the type of agrophytocenosis (biological factor). 

Soil hydrological and thermal regimes change into ones having no analogues 
among virgin soils. The soil classification reflects these changes. 

Following cultivation, the spatial heterogeneity of a virgin soil disappears under 
the effect of management techniques and fertilizing, leading to a decrease in bio- 
logical diversity. 
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Figure 6.1.2. Temperature regime of a soil of artificial meadow in comparison with the re- 
gimes of virgin soils, 1997 through 1998. A - artificial meadow, B - landscape 1, C - land- 
scape 2. 
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1. Introduction 

The largest environmental concern facing the mining industry today is the occur- 
rence of dissolved heavy metal contaminants and acidic effluents caused by sul- 
fide oxidation (Paktunc, 1999), generally referred to as acid mine drainage 
(AMD). Numerous abandoned, operating, and proposed metal mines exist in per- 
mafrost-affected regions, and disposal of mine waste and AMD occur at several 
mine sites in the Arctic. Mine tailings result from the processing of ore and usu- 
ally are transported to nearby disposal areas. Pollution in most cases spreads to the 
surroundings by acidic drainage to local watershed stream systems and marine en- 
vironments. 

Pyrite (FeS 2 ) is by far the most common sulfide mineral giving rise to AMD. 
The oxidation of pyrite is a complex biogeochemical process involving several re- 
dox reactions, hydrolysis and complex ion formation, solubility control, and mi- 
crobial catalysis. Important aspects of this process are not understood clearly, but 
the following reaction commonly is given to describe the complete oxidation of 
the iron and sulfur moieties of pyrite: 

FeS2(s) + 3.7502(g) + O. 5 H 2 O => 2804^' + (6.2.1) 

In the reaction, oxidation forms ferric-iron and sulfuric acid, and heat is re- 
leased. The above reaction generates 1 joule (J) per 7><10'^ moles of oxidized py- 
rite or about 12,000 kJ per kg pyrite (Dawson and Morin, 1996). Recent reviews 
on the process and controls are available (e.g., Evangelou, 1995). 

It is well known that aerobic sulfide oxidizing bacteria can catalyze the oxida- 
tion of sulfide minerals, and numerous studies describe the catalyzing effects of 
chemolithotrophic bacteria such as Thiobacillus ferrooxidans (Evangelou, 1995; 
Nordstrom and Southam, 1997). These bacteria in particular can catalyze the oxi- 
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dation of sulfide minerals (equation 6.2.1) under highly acidic conditions, thereby 
increasing the overall oxidation rate by up to six orders of magnitude, as compared 
to abiotic reactions (Nordstrom and Southam, 1997). 

Besides the degree and type of microbial activity, these factors influence the 
generation of AMD: position of the sulfide body within the hydrological regime, 
types and abundances of sulfides as well as neutralizing gangue minerals, grain 
size distribution (specific surface area), climate, internal tailings’ temperatures, 
and availability of oxygen. 

The first part of this chapter discusses the influence of microbes, temperature, 
and oxygen on generation of AMD, as these factors play a unique role in perma- 
frost regions. In addition, it considers depression of the freezing point, unfrozen 
water content, and redistribution of solutes, since these factors influence the envi- 
ronmental impact of AMD. The last part of the chapter focuses on literature re- 
porting observed AMD in permafrost areas and discusses the current knowledge 
of strategies for controlling AMD. 



2. Biotic impact at Sub-Zero Temperatures 

Within the permafrost region, soil temperatures are low for most of the year and 
temperature fluctuations can be extreme over short periods. Temperature is an im- 
portant control on the physical-chemical reactions that are the basis for all biologi- 
cal processes. Thus, soil temperature is one of the most important parameters 
regulating the activity of microbes within the soil environment. 

Bacteria adapted to live in cold conditions and to survive periods of extremely 
low temperatures have been known for more than 100 years (Forster, 1887). Since 
then, several surveys have documented the presence of viable bacteria in perma- 
frost environments (e.g., Morita, 1975). Cold-adapted microbes are classified as 
either psychrophiles (cold-loving; optimal temperatures for growth below 15°C, 
active to below zero) or psychrotrophs (cold-tolerant; optimal temperatures for 
growth above 15°C, active to below zero). 

One of the key assumptions about the presence of viable microbes at freezing 
temperatures is the presence of liquid water. In frozen soil, thin, intergranular wa- 
ter films allow chemical processes to be active even in winter and may represent 
survival niches for microbial life. The winter survival strategies for microorgan- 
isms in the Arctic are not understood well, but microbes are able to survive ex- 
tremely low temperatures, and viable microorganisms occur in permafrost to 
depths of at least 18 meters and in material older than 70,000 years (Boyd and 
Boyd, 1964; Kjoller and 0dum, 1971). 



2.1. Sulfide oxidizing bacteria in permafrost regions 

A limited number of studies address the presence and potential activity of psy- 
chrophilic or psychrotrophic sulfide oxidizing bacteria in High Arctic environ- 




S. 6, Ch. 2 Disposal of Mine Tailings in Continuous Permafrost Areas 



679 



ments. Kalin (1987) reported the presence of psychrophilic thiobacilli at the Nani- 
sivik Mine, Baffin Island, Arctic Canada. Also at Nanisivik Mine, Elberling et al. 
(1999) detected psychrotrophic iron- and sulfur oxidizing bacteria including Thio- 
bacillus ferrooxidans within alkaline tailings. 

In the latter study, microcalorimetric measurements revealed that as much as 
35% of the overall oxidation of tailings (measured as heat production) was due to 
the presence of the bacteria. Langdahl (1999) isolated a psychrotrophic acidophilic 
sulfide-oxidizing microbial population (dominated by T. ferrooxidans) from natu- 
ral exposed sulfide ore material in North Greenland (83°N). 

The presence of the well known sulfide oxidizing bacteria T. ferrooxidans in 
High Arctic environments indicates that these bacteria populations are likely at 
any location in the permafrost zone where reactive sulfide minerals are or have 
been present. 



2.2. Temperature dependent biotic and abiotic suiphide oxidation 

The Arrhenius Equation describes well how most biogeochemical reaction rates 
decrease with decreasing temperatures: 

In (ki/k 2 ) = Ea (T 1 -T 2 ) / RT 1 T 2 (6.2.2) 

where ki and k 2 are reaction rates at temperatures Ti and T 2 , Ea is the activation 
energy of the reaction, and R is the gas constant. Values of Ea for pyrite oxidation 
reported in the literature vary from 39 to 88 kJ/mol for a variety of experimental 
conditions (Nicholson et al., 1988). 

Although the effects of temperature on sulfide oxidation rates can be complex, 
particularly under field conditions, several studies confirm that the simple rela- 
tionship in the Arrhenius equation is a valid approximation for the chemical and 
the microbial reaction rates (Dawson and Morin, 1996). However, the Arrhenius 
equation considers only a single activation energy that is not temperature- 
dependent, whereas complex biological systems are presumed to have several 
temperature-dependent forms. 

Figure 6.2.1 shows the temperature dependent biotic activity for sulfide oxidiz- 
ing microbes collected from Arctic and temperate regions. The dashed line repre- 
sents an equation fit (Jaynes et al., 1984) to relative activity measurements (Xt) of 
microbes collected at temperate latitudes and considered valid for the temperature 
range 4° to 55°C (T): 

Xt = - 1.2x1 0'^T^- 4.4x1 0-^T^+0.066T- 0.25 (6.2.3) 

The solid line represents the same equation fit to microbes collected in the Arctic. 
An overall difference in temperature optimum of 7 to 8°C occurs and indicates an 
important biological adaptation to cold climate. 
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Figure 6.2.1. Relative changes in biological oxidation rates of sulfide minerals from tem- 
perate latitudes (open marks and dashed line) and Arctic latitudes (filled marks and solid 
line). Changes in oxidation are relative to the maximum oxidation observed for each spe- 
cies. Open marks represent data from Jaynes et al. (1984), filled squares are from Langdahl 
and Ingvorsen (1997), and filled triangles are from Elberling (2000). 

Metabolic processes are active at temperatures as low as -10°C (Gilichinsky et 
al., 1992). However, no data are available on the growth of specific sulfide oxidiz- 
ing bacteria at sub-zero temperatures. Langdahl and Ingvorsen (1997) studied the 
production rate of dissolved Fe^^ and Fe^^ of an enriched T. ferrooxidans culture 
from a naturally exposed sulfide ore in North Greenland. Based on the laboratory 
investigations, they concluded that the overall rate of microbial activity at 0°C 
constituted as much as 30% of the maximum activity at 21°C. 

Oxygen uptake rates as a result of sulfide oxidation have been observed at tem- 
peratures as low as -4°C. These rates are based on the difference in oxygen uptake 
in ambient and sterilized tailing samples from Nanisivik Mine (Elberling, 2000). 
Results from that study indicate that both biotic and abiotic oxygen uptake in py- 
ritic tailings drop with decreasing temperature (Figure 6.2.2). 

The figure shows an Arrhenius relation, based on the activation energy and the 
maximum pyrite oxidation rate that Langdahl and Ingvorsen (1997) observed. The 
oxygen uptake rate was consistent with the Arrhenius relation in the temperature 
range above 0°C. Below 0°C, an increasing deviation occurs, and the linear corre- 
lation provides the best fit. Significant variation between the dependency of bio- 
logical and chemical oxidation on temperature did not appear, indicating that the 
influence of temperature on the overall AMD is not sensitive to the percentage of 
biological oxidation. 
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Figure 6.2.2. Relative oxygen uptake versus temperature in pyritic tailings from Nanisivik 
Mine. Biotic rates are shown as solid squares and chemical rates, as open squares. The solid 
line is generated from the Arrhenius equation, and the dashed line, from a linear regression 
equation (data from Elberling, 2000). 

Using the same method to evaluate oxidation rates as mentioned above, Mel- 
drum et al. (1999) studied the overall sulfide oxidation potential of tailings from 
Rankin Inlet, Arctic Canada, in freezer experiments at temperatures as low as 
-10°C. The authors conclude that oxygen consumption and heat generation due to 
oxidation are negligible at -10°C. The few studies mentioned above indicate that 
bacteria in natural systems to a large extent may be adapted to be active at sub- 
zero temperatures. 

Although the observed bacterial activity indicates a significant reduction at 0°C 
compared to maximum activity, the results also suggest that biological sulfide 
oxidation may occur at temperatures as low as -4°C and that the activity becomes 
negligible as temperatures approach -10°C. Even though the kinetics of sulfide 
oxidation show significant potential AMD at sub-zero temperatures, sulfide oxida- 
tion will occur only if oxygen and liquid water are present. The next section there- 
fore deals with the potential transport and redistribution of oxygen and water in 
frozen tailings. 
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3. Transport Phenomena in Frozen Ground 

Frozen sediments eonsist of several phases, ineluding solid particles, ice, unfrozen 
water, and gas. Within the frozen sediment, ions may be transported as a result of 
a concentration gradient (diffusion) or a pressure gradient (advection). Extreme 
differences in the diffiisivity within the various phases play a major role in the 
control of the overall generation of AMD and spreading of contaminants. 

Ion diffusion in pure monocrystalline ice is insignificant, as ion diffusion coef- 
ficients are about 5 orders of magnitude lower than in water (Bamall and Slotfeld- 
Ellington, 1983). For components available in the gas phase, e.g., oxygen, the dif- 
fusion coefficients are about 4 orders of magnitude higher in the gas phase than in 
water. Consequently, atmospheric oxygen will reach the depth where sulfide oxi- 
dation takes place primarily as a result of diffusion through the partially gas-filled 
pores (e.g., Pantelis and Ritchie, 1992; Elberling et al., 1993; 1994). 

For waste material stored under nearly saturated or fully saturated conditions, 
the much lower oxygen diffusion in the water phase becomes important. The same 
is the case for contaminants from AMD, and even small quantities of unfrozen wa- 
ter may greatly enhance the overall contaminant migration in frozen grounds, by 
either ion diffusion in water or by water movement. 



3.1. Transport of oxygen 

As pyrite oxidizes in tailings, atmospheric oxygen is consumed, and the change in 
concentration with depth results in a concentration gradient, which is the driving 
force for the diffusive transport of oxygen. In tailing systems, one-dimensional 
molecular diffusion of oxygen gas can be described by Pick’s First Law: 

Fo = -DedC/dz (6.2.4) 

where Fd is the flux of O 2 , Dg is the effective diffusion coefficient, and dC/dz is 
the vertical concentration gradient for oxygen. Dg is a function of the diffusion co- 
efficient for oxygen in air and a factor that depends on the percentage of gas-fllled 
pores (relative to the volumetric moisture content) and the tortuosity (Troeh et al., 
1982). 

Several models are available for estimating Dg but few are based on tailing ma- 
terial. Assuming that water-filled and air-filled pathways represent parallel resis- 
tance to diffusion in tailing material, Elberling and Nicholson (1996) showed that 
the effective diffusion coefficient (Dg) in tailings can be approximated well as the 
weighted sum of the diffusion coefficients in air and water (see dashed line in Fig- 
ure 6.2.3). 
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Figure 6.2.3. The effective diffusion coefficient (diffiisivity) in non-ffozen tailings (filled 
circles and dashed line) and frozen tailings (open circles and solid line) at water saturations 
up to 70%. The dashed line is an empirical equation for estimating Dg based on saturation 
values (Elberling and Nicholson, 1996), while the solid line is a free-drawn line represent- 
ing the observed effect of freezing for comparison (modified from Elberling, 1998). 

In frozen media, diffusion estimates require oxygen diffusion coefficients for 
super-cooled water as well as estimates on the overall change in gas pore volume 
fraction and connectivity during freezing. Such data presently are not available 
from the literature, and diffusion coefficients for oxygen gas in unfrozen and fro- 
zen tailings with variable water saturation are known only from experimental de- 
signs. 

Based on measurements on unfrozen and frozen tailings from Nanisivik Mine 
(Figure 6.2.3; modified from Elberling, 1998), statistical tests suggest that freezing 
has no significant effect on Dg, in tailings with a water saturation less than 30%. 
Above 30% saturation, freezing lowers Dg, reaching a reduction factor of about 10 
at 70% saturation. 

Thus, freezing well drained, land-deposited tailings is not expected to decrease 
the overall availability of oxygen within tailings. The study points out that 
changes in the degree of saturation may be as important as freezing in permafrost 
areas and that a combination of saturation and freezing seems ideal for the control 
of oxygen availability within tailings deposited in the Arctic. 
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3.2. Unfrozen water 

The amount of liquid water present in “partly” frozen soil and waste materials is 
critical in terms of controlling microbial activity and oxygen diffusion. It also will 
affect water and solute movement in frozen soils, which also influences soil 
strength, frost heaving, and contaminant transport. 

Solutes lower the freezing point of water during freezing, and the relationship is 
given by the Van’t Hoff equation. The freezing-point depression in dilute solu- 
tions can be calculated by using the following simplified equation (Marion, 1995): 

AT.--1.86v„,b (6.2.5) 

where AT is the freezing-point depression, v is the number of aqueous species re- 
sulting from the dissolution of the solutes, and mb is molarity of the solute. For 
pore water extracted from 6- to 7-year-old pyritic tailings in Nanisivik (unpub- 
lished data), concentrations of magnesium and sulfate alone result in a freezing 
point depression of about 1°, compared to the corresponding freezing point of pure 
water. However, deviations from equation 6.2.5 are apparent for high concentra- 
tions, and particularly for electrolytes that dissociate into ions of higher valance 
(e.g., MgS 04 ). 

A nearly pure ice phase will form when temperatures drop below the freezing 
point, concentrating solutes in the remaining unfrozen solution and thereby further 
decreasing the freezing point. If equilibrium is maintained between the solution 
and ice phases during freezing, then the concentrations of various ions in solution 
will follow the ice-solution equilibrium line, increasing in concentration as tem- 
perature decreases toward the eutectic composition (Banin and Anderson, 1974). 
For a pure NaCl-H20 system with an initial NaCl molality greater than 5.17 
mol/kg, the solution will not freeze until it reaches the eutectic temperature of 
-21.2°C; below this temperature, the solution will solidify as a mixture of ice and 
salt (Marion, 1995). 

FREZCHEM can model the chemical equilibrium and the unfrozen water con- 
tent during freezing (Mironenko et al., 1997), as this model includes the coeffi- 
cients for the Pitzer-equations as well as solute redistribution during freezing. 
However, under natural conditions, and particularly for tailing water, site-specific 
characteristics will influence the actual ion exclusion and thereby the actual unfro- 
zen water content. These characteristics, which the FREZCHEM model does not 
include, include texture, specific surface area, charged surfaces, freezing rate, and 
the initial distribution of salts (Marion, 1995). 

Considering these limitations, FREZCHEM has been applied for simulating the 
observed unfrozen water content measured in columns filled with mine tailings 
from Nanisivik (Figure 6.2.4). Unfrozen water content was measured by time do- 
main reflectometry (TDR), and tailings represent samples from the upper reactive 
zone and partly oxidized zone (20 cm), as well as the lower reduced zone near the 
permafrost (80 cm). 
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Figure 6.2.4. Unfrozen water content (% of total water content) in mine tailings collected 
in August from the upper oxidized zone (20 cm) and lower reduced zone (80 cm). Observa- 
tions are compared to FREZCHEM simulations (Elberling, 2000). 

The chemical composition of the pore water from the same site/depths has been 
used as input to FREZCHEM to predict the amount of unfrozen water content ver- 
sus temperature (Elberling, 2000). The significant amount of unfrozen water, par- 
ticularly within the reaction zone, suggests that liquid water is available for 
biological activity and contaminant transport well below 0°C. 



3.3. Water movement in frozen soil 

A potential environmental effect of unfrozen water is the diffusion of pollutants in 
the water phase and water movement within tailing profiles, the latter due to the 
fact that liquid films on particles provide a route for water and solutes in frozen 
tailings (Godwaldt et al., 1999). In general, water in frozen sediments moves from 
warm to cold regions, from regions with low concentration to regions with higher 
concentrations, and along water tension gradients (Marion, 1995). As tailings in 
permafrost areas freeze from the top down and from the permafrost table up, the 
thermal gradients induce a water flow toward the freezing fronts. Environmental 
factors such as water content, temperature, and snow cover determine the com- 
parative importance of these two freezing fronts during the freezing process. 

As solutes are largely excluded in the freezing process, maximum solute con- 
centrations generally are close to the freezing front. The solute concentration in 
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front of the freezing front may rise to 80 times the original concentration, if there 
is no solute inclusion in the frozen zone, and thereby cause the freezing front to 
leap over solute pockets (Hallet, 1978). These solute pockets ultimately may 
freeze, resulting in alternating bands of high and low ion concentrations in frozen 
tailings. 

This potential ion exclusion in freezing sediment has received much attention 
and is shown to be controlled by temperature gradient (freezing rate), pore water 
composition, water content, mixing, and sediment type (e.g., Konrad and 
McCammon, 1990). The extent of ion exclusion increases with decreasing freez- 
ing rate (Marion, 1995). For freezing rates smaller than 0.1°C/day, corresponding 
to most field freezing conditions, more than 90% of the solutes have been ob- 
served to be rejected from the pore ice formed (Konrad and McCammon, 1990). 

The ion exclusion may result in an increased environmental impact from AMD 
during spring where thawing starts from above and causes highly variable ion 
concentrations in the meltwater. Ion pulses (melt water with very high ion concen- 
trations) are known from most Arctic areas (Melak and Sickman, 1995). Such 
pulses have a maximum impact on living organisms sensitive to toxic levels of 
heavy metals, for example, as well as on the overall flux of contaminants from 
tailing areas. 



3.4. Soil strength 

Frost heaving occurs as a result of the formation of segregated ice, for example, 
lenses and needles, as well as the volumetric expansion of water during freezing. 
Models are available to simulate and predict the mechanisms responsible for frost 
heaving (Chamberlain, 1981; Black and Hardenberg, 1991). Marion (1995) sum- 
marized the most important factors for the degree of frost heaving, including soil 
texture, pore size, freezing rate, temperature gradients, moisture, and overburden 
stress. 

Frost heaving in tailings is considered a disadvantage, due to the formation of 
cracks and preferential pathways for infiltration of oxygen gas and oxygenated 
water. On the other hand, frost heaving seldom is observed in tailing areas, proba- 
bly due to high ion concentrations that tend to reduce frost heaving. As Sheeran 
and Yong (1975) pointed out, this is expected because high ion concentrations in- 
crease the unfrozen water content and reduce the water available for forming seg- 
regated ice in tailings. Frost heaving may be important in cover materials provided 
as protection on top of tailings, and grain size and porosity should be considered 
in order to minimize frost heaving. 



4. Acid Mine Drainage in Permafrost Regions 

Annual temperature fluctuations in continuous permafrost regions cause the sur- 
face layer to thaw annually. The thaw depth, defined as the active layer, varies 
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typically between <0.5 meter under thick organics to several meters under mineral 
soil. Pyrite oxidation occurs naturally in the active layer in permafrost areas where 
mining activity never has taken place. 

Cameron (1977) studied oxidation of a massive sulfide body, named the Agri- 
cola Lake prospect, located northeast of Yellowknife, Canada. Apparently, inten- 
sive sulfide oxidation was occurring in the active layer both near the surface and at 
depth, and the lack of carbonate minerals in the area had resulted in natural acidic 
drainage (pH -3 to 4) as well as metal leaching. 

Cameron (1979) observed the same phenomena for a massive sulfide deposit on 
Melville Peninsula in Northwest Territories, Canada. However, the presence of 
calcareous outcrops neutralized the acidic drainage and surface water. Newer ob- 
servations in Yukon, Canada (Kwong, 1995), have confirmed active oxidation in 
permafrost areas in Canada. 

Another example of a naturally exposed sulfide body is at Citronen Fjord in 
North Greenland, where the mean annual air temperature varies between -15 and 
-20°C and temperatures above zero are recorded only during a very short summer 
period. During this period, the actual sulfide oxidation rate has been evaluated 
based on in-situ oxygen uptake measurements made directly on well drained, 
ochre colored sediment below the exposed sulfide outcrops (Elberling and Lang- 
dahl, 1998). Oxygen uptake rates on the order of 0.2-0.4 moles/m^ per day oc- 
curred during September, 1996. As organic carbon was absent, the amount of 
oxygen consumption was assumed to represent the overall rate of sulfide oxida- 
tion. The pore water and surface draining from the area were acidic and showed 
high concentrations of dissolved zinc and sulfate (Table 6.2.1). 

The examples above illustrate that high sulfide oxidation rates occur naturally 
in continuous permafrost areas, at least during the short summer and, as a conse- 
quence, significant amounts of sulfate and heavy metal will appear in downstream 
aquatic systems. The environmental impact from natural exposed material is im- 
portant, as the reactivity of such potential ore material can be used to provide 
minimum estimates of expected impact (potential generation of AMD) resulting 
from non-treated disposal of crushed ore material (tailings). 



Table 6.2.1. Concentration (in ppm) of pore water and run-off from natural exposed sul- 
fidic material in North Greenland (compiled from Elberling and Langdahl, 1998). The 
reference site is upstream from the area, with exposed sulfide outcrops. 





pH 


SO4 


Fe 


Zn 


Pb 


Cu 


Ni 


Cd 


Pore water extracted from 
sulfidic material 


1.39 


66,780 


53,700 


6,150 


35.8 


0.6 


3.1 


2.4 


Nearby surface runoff 


2.54 


2,300 


195 


139 


1.8 


0.04 


0.4 


0.5 


Reference runoff 


8.03 


8 


0.17 


0.02 


0.03 


0.02 


0.09 


0.06 
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4.1. Oxidation of mine taiiings deposited in continuous permafrost 
areas 

The mining process produces different waste materials. Mine waste consists of 
large chunks of rocks or overburden which are transported by trucks or dragline to 
waste dumps. The ore is transported to the mill, where it is ground as part of ore 
processing, followed by extraction of the metals such as Zn, Pb, and Cu. 

Mine tailings are the waste product resulting after metal extraction and consist 
of finely grained sulfidic ore with a reduced content of heavy metals. Mine tailings 
and waste rocks have very different hydrogeological, geochemical, and geotechni- 
cal characteristics, and therefore the two kind of materials must be considered 
separately in relation to AMD. This section evaluates only disposal of tailings; 
Dawson and Morin (1996) give a more thorough discussion of disposal of waste 
rocks in permafrost areas. 

Tailings consist of ore material finer than 0.2 mm which results from the grind- 
ing procedure, which includes a large proportion of sulfide grains with a large 
fresh surface area. Results from ongoing investigations of oxygen uptake and re- 
lease of heavy metals within pyritic tailings deposited near Nanisivik Mine on 
Baffin Island (NWT) in northern Canada (73°N) here illustrate the controlling pa- 
rameters for generation of AMD in well drained tailings deposited in the continu- 
ous permafrost region (Elberling, 2000). 

In Nanisivik, the annual mean temperature (1994 through 1998) is -15.6°C and 
the annual precipitation is approximately 125 mm. Since 1976, mine tailings have 
been deposited under water in a tailings impoundment. As the available subaque- 
ous storage capacity was exhausted in 1991, disposal of tailings began on land. A 
test plot within this area was selected, and in-situ oxygen uptake rates have been 
estimated by changes in oxygen concentrations in closed gas chambers on top of 
the tailings (Elberling and Nicholson, 1996). 

Measurements were made periodically throughout the year and were accompa- 
nied by climatic measurements. Figure 6.2.5 shows that, by the end of the sum- 
mer, the active layer extended to a depth of approximately 2 meters and that this 
zone freezes during autumn. However, the freezing of the active layer varies sig- 
nificantly between years, depending on water content and snow accumulation that 
insulates the ground from low air temperatures. 

During summer, oxygen uptake rates in 6-year-old well drained tailings were 
0.2 to 0.5 moles 02 /m^ per day (Elberling, 2000), which is of the same order of 
magnitude as rates observed in temperate climates (Elberling and Nicholson, 
1996). During the following two-month period, air temperature dropped below 
0°C, which resulted in significant effects on soil temperatures and the observed 
oxygen uptake (Figure 6.2.6). 
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Figure 6.2.5. Soil temperature profile at an uncovered site within the tailings impoundment 
in Nanisivik. Freezing of tailings occurred during a period from August to October 1997. 
(Modified from Kyhn and Elberling, 2001). 

Soil temperatures were used to model temporal variation in the reaction con- 
stant k (equation 6.2.2) and, subsequently, the expected variation in oxygen uptake 
over time, assuming that the diffusion coefficient within the reaction zone re- 
mained constant (Figure 6.2.6). The model failed to predict the oxygen uptake 
during the first days following major precipitation on Julian day 216(11 mm over 
less than 10 hours). However, a site covered with plates in order to avoid infiltra- 
tion by rain water but to allow free oxygen diffusion made it possible to differenti- 
ate between the effect of temperature and increasing water content on the overall 
oxygen uptake. 
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Figure 6.2.6. Air and soil temperatures (curves), precipitation (bars), and in-situ oxygen 
consumption rates at a natural site (open squares) and a covered site (solid squares) within 
well drained tailings measured in 1998. Bars through squares represent the SD of replicates 
(n=6). The simulated oxygen consumption is shown as a solid line. (Modified from Elber- 
ling, 2000). 

Figure 6.2.6 shows that the model can predict the effect of temperature but not 
the effect of a decreasing diffusion of oxygen. The observations reveal the impor- 
tance of both soil temperature and actual water content on AMD. Measurements 
during winter revealed that temperatures within the upper part of the snow- 
covered tailings were in the range of -1 to -3°C and the oxygen consumption was 



Precipitation (mm) 
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about 0.12 ± 0.02 moles of oxygen/m^ per day or approximately 20 to 25% of the 
rates observed during summer. During early spring, temperatures within tailings 
were below -10°C and oxygen uptake was not detectable. The first oxygen uptake 
during spring was observed as the soil temperature rose to -4°C. 

These detailed measurements of oxygen uptake throughout the year indicate 
that generation of AMD is highly sensitive to changes in temperature and that the 
effect of maintaining tailings below 0°C is predictable (Figure 6.2.2). 



5. Strategies for Control of Acid Mine Drainage 

Control strategies for AMD are based on either control of generation of AMD, 
control of contaminant migration, or collection and treatment of contaminated 
effluent. Although collection and treatment of contaminated effluent is a proven 
and demonstrated control strategy, maintaining such a facility at remote northern 
mine-sites, following closure, is costly and logistically difficult (Dawson and 
Morin, 1996). This section discusses generation of AMD and contaminant migra- 
tion in relation to different control strategies, as these strategies aim to limit both 
generation of AMD and contaminant migration. 



5.1. Frozen covers 

Permafrost regions offer a unique possibility for the control of AMD that is not 
naturally available in warm climates: the freezing of mine tailings by covering the 
tailings with an inert material and thereby forcing the frost table to move up and 
maintain the tailings at sub-zero temperatures year-round. The application of fro- 
zen covers have been tested in few places in continuous permafrost areas. 

At Lupin Mine, located 400 km NE of Yellowknife, Canada (65°N), sulfidic 
tailings (containing pyrrhotite, FeS) have been covered with 60 cm of gravel sand. 
Temperatures below the cover were above 0°C for more than 4 months each year, 
and tailing temperatures as high as 20°C have been observed during the summer 
(Dawson and Morin, 1996). At Nanisivik Mine, preliminary results (Figure 6.2.7, 
unpublished data) indicate that a 2-meter covering consisting of natural cover ma- 
terials (shales, till and sand) without any sulfide minerals will adequately induce 
the permafrost table to move up, thereby maintaining reactive tailings below 0°C 
annually. 
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Cover types 




Figure 6.2.7. Active layer depths in tailings, 1997, covered by two meters of inert covers 
near Nanisivik Mine, Canada (unpublished data from Nanisivik Mine). Covers consist of 
sand and gravel (dots), till (horizontal lines), and shale (hatched lines). 



However, as the test pads in Nanisivik during the test period were almost snow- 
free, additional snow in larger covered areas may result in increased insulation 
during autumn and higher early winter temperatures but a later start of thaw dur- 
ing spring. We discuss the impact of snow on ground temperatures and generation 
of AMD in general in greater detail in a later section of this chapter. 

As figure 6.2.2 shows, temperatures slightly below zero will not guarantee neg- 
ligible sulfide oxidation or completely frozen tailings. Therefore, the temperature 
at the tailing-cover interface becomes an important environmental parameter con- 
trolling generation of AMD. Temperature readings below the covers reveal that 
temperatures typically vary between -15 and a few degrees below zero. Thus, the 
thickness of covers recommended must be based on predictions of the sub-zero 
temperatures below the cover and the acceptance of the corresponding generation 
of AMD. Further laboratory studies of bacterial adaptation to freezing tempera- 
tures and of the sulfide oxidation rate in the temperature range 0 to -10°C are cru- 
cial in order to provide reasonable estimates for generation of AMD at sub-zero 
temperatures. 

Although freezing is considered a method to control generation of AMD in 
permafrost areas, several aspects complicate the application of ground temperature 
as a fine-tuned control method for generation of AMD. As pyrite oxidation leads 
to a heat generation of approximately 12,000 kJ per kg pyrite (Dawson and Morin, 
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1996), the oxidation process may influence the rate of freezing of the ground and 
result in higher temperatures near sulfide minerals than the temperature measured 
in bulk material. 

Assuming an annual average uptake of about 38 moles 02per m^ as observed in 
Nanisivik 1998/99 (Elberling, 2000), more than 1 kg pyrite per m^ are oxidizing 
annually, which generates about 32 kJ per m^ per day. Compared to 334 kJ re- 
quired to melt 1 kg of ice (Godwaldt et al., 1999), the rate of heat loss from oxi- 
dizing tailings to the surroundings may be enough to maintain elevated tempera- 
tures and generation of AMD for a period of time after bulk freezing. 



5.2. Engineered dry and partly saturated covers 

Engineered layered soil covers have been used to reduce oxygen and water 
movement within tailings effectively. Typically, cover systems are constructed 
from natural sediments and consist of layers with different hydraulic properties. 
The upper layers aim to prevent erosion and evaporation, the middle layers aim to 
retain water and act as a barrier for oxygen, and the lower layers aim to prevent 
drainage of overlying layers. 

Using numerical simulation, Akindunni et al. (1991) showed that such barrier 
systems are possible when taking into account the air-entry value of the middle 
layer and the pressure head at which the lower layer approaches residual satura- 
tion. However, in permafrost areas, cracking due to seasonal freezing and reduced 
moisture caused by evaporation may alter the transport properties and even may 
enhance oxygen and water migration, due to preferential flow in crack systems. 



5.3. Subaqueous disposal of tailings 

Mine tailings have been placed under water in impoundments in many places in 
the world, primarily to minimize diffiision of oxygen into the tailings materials 
(Figure 6.2.3). This disposal strategy also has been applied in permafrost areas and 
may be attractive in areas where mine tailings can be placed in natural water bod- 
ies in a controlled fashion, as is the case at Polaris Mine, a lead-zinc mine on Little 
Cornwallis Island, Canada. Here, mine tailings have discharged 26 meters below 
the surface of the lake (Dawson and Morin, 1996). 

In permafrost areas where a suitable natural water body is not present, construc- 
tion of dams may be an alternative. The effect on AMD of covering tailings with 
water has not been tested in permafrost areas, but the potential effect can be illus- 
trated by considering the maximum oxygen diffusion in tailings covered with 30 
cm of saturated sand, again covered by a thin cover of oxygen-saturated water. 

The maximum amount of oxygen which can diffiise through the 30-cm satu- 
rated cover at 5°C will be approximately 1.5x10 '^ mol/m^ per day (equation 6.2.4) 
or about 10,000 times less than the oxygen uptake observed in dry tailings at 5°C 
in Nanisivik (assuming instantaneous oxygen uptake at the tailing surface). These 
predictions are consistent with laboratory tests on the reactivity of tailings under 
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water (Mugo et al., 1999; Elberling and Damgaard, 2001), indicating that storage 
of reactive tailings under water is effective in attenuating long-term fluxes of con- 
taminants to the overlying water column. 

The local hydrology and water balance are important factors to consider when 
designing a water-covered tailings impoundment. After mine closure, the water 
balance will be based on the precipitation and evaporation of the catchment area. 
Whether it is steady (i.e., no net change in pond level) will depend principally on 
the evaporation rate of water from the pond and on the input of water from melt- 
water. Strategies can be designed to maintain an equilibrium state, including in- 
stalling snow fences to increase snow accumulation and meltwater and construct- 
ing channels to regulate the water input to the pond area. Difficulties in these 
strategies include sufficient storage capacity for extreme precipitation and the po- 
tential stability of dyke constructions in permafrost-affected areas. 

Increasing oxygen solubility in cold water has been suggested as a concern 
about water covers (Dawson and Morin, 1996; Godwaldt et al., 1999). The amount 
of oxygen in the water increases by a factor of 1 .4 as the temperature decreases 
from 15 to 0°C, while oxygen diffusivity decreases by a factor of 1.6 (Figure 
6 . 2 . 8 ). 

Comparing a saturated system at two different temperatures, using the above 
example with 30 cm saturated sand, the combined effect of increasing oxygen 
solubility and decreasing diffusivity will result in reducing the potential flux of 
oxygen at 2°C to approximately 90%, compared to the flux at 15°C. These simple 
calculations indicate that subaqueous disposal of tailings is a more effective reme- 
diation action in cold regions than elsewhere. 




Temperature (°C) 

Figure 6.2.8. Solubility (dashed line) and diffusivity (solid line) of oxygen in water versus 
temperature. (Modified from Elberling and Damgaard, 2001.) 
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5.4. Snow fences and snow covers 

In the Arctic, most precipitation falls as snow during winter. Snow covers are 
known to prevent wind erosion and redistribution of mine tailings during storms. 
Consequently, snow fences have been built, resulting in additional snow accumu- 
lation in tailing areas. The snow cover also may limit oxygen diffusion during 
winter and delay thawing in spring, thereby limiting the period of active layer de- 
velopment. 

However, field observation over decades in Alaska and Canada have shown 
that snow has a very important influence on ground temperatures because of its in- 
sulating effects that reduce winter heat loss (e.g., Nicholson and Granberg, 1973). 
This insulating effect again depends on thickness and density of the snow layer, 
and variations in ground temperatures from year to year closely relate to annual 
variations in snow accumulation (Nicholson and Granberg, 1973). 

Brooks et al. (1997; 1998) confirmed that snow covers insulate the frozen 
ground from the low winter air temperatures and result in surprisingly high sub- 
nivial levels of bacterial activity under seasonal snow cover. 

Brooks et al. (1997) measured fluxes of CO 2 and N 2 O as well as active micro- 
bial biomass when soil temperatures under a snow cover ranged from -5°C to 0°C. 
They suggested that subnivial bacterial activity may be a significant component of 
the annual C and N cycling in these environments. Similar conditions have been 
suggested for sulfidic tailings deposited in permafrost regions (Elberling, 2000). 
Further investigations are needed to quantify the effect of snow as a barrier for 
oxygen gas as compared to snow as a barrier of heat, controlling ground tempera- 
tures. 

Although global changes in air temperatures have received much attention, 
global and local changes in snow cover (winter precipitation and wind regimes) 
may turn out to be the most critical parameter for long term generation of AMD. 
This is probably particularly important for facilities constructed for permanent 
frozen disposal of well drained tailings, whereas facilities constructed for perma- 
nent subaqueous disposal will be more sensitive to global changes affecting the 
water balance, including summer evaporation rates and annual precipitation. 



6. Conclusions and Future Research 

Currently there is strong interest in the general understanding of chemical and 
physical processes in frozen sediments in natural and engineered systems. This is 
due to a growing concern about contamination in the Arctic and to recent consid- 
eration of frozen barriers for preventing generation of AMD and, in more general 
terms, preventing the formation and dispersion of toxic chemicals at contaminated 
sites. 

This review shows that AMD is not eliminated nor reduced to negligible levels 
at sub-zero temperatures, but it is reduced significantly. Very low temperatures 
during most of the year within the continuous permafrost zone inhibit generation 
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of AMD. The efficiency of using ground temperature as the major control on tail- 
ings oxidation and release of pollutants in permafrost areas is understood only 
partly. 

Reduction of AMD also may be achieved by limiting available oxygen to the 
tailings, by maintaining the reactive material at a nearly or fixlly water-saturated 
state. In the later case, natural freezing and the permafrost provide additional pro- 
tection against generation of AMD and reduce movement of contaminants. 

Future key questions relate to the overall limiting effects of freezing on AMD 
and to controls of oxidation processes and rates of migration of contaminants in 
aqueous solution within unsaturated and saturated frozen soils. 
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1. Introduction 

Cryosols of the Transantarctic Mountains region of Antarctica are an important 
part of one of the earth’s more extreme ecosystems. They have evolved in an envi- 
ronment dominated by extremely low temperatures, severe aridity, and the ab- 
sence of a significant soil biological regime. 

While these Cryosols have developed distinctive features related to the main 
weathering processes of oxidation and salinization on land surfaces that are in 
some places more than lO million years old (Campbell and Claridge, 1978; 
Denton et al., 1993; Marchant et al., 1993), they are distinguished by a lack of 
structural development and a dominantly loose and incoherent form, due to the 
absence of colloidal clays and organic material (Bockheim, 1979, 1982; Campbell 
and Claridge, 1987; Claridge, 1965; Everett, 1971; Linkletter et al., 1973; 
Tedrow, 1977; Ugolini, 1963). In normal pedological terms, the soils would be 
described as unweathered. As a consequence of the long timescales for soil devel- 
opment, recovery from human disturbance is also extraordinarily slow. 

Scientific research is the principal human activity in Antarctica and, since the 
current phase of intensive research activity began in 1956-57, the impacts on the 
soil environment are now evident and being recognized (Balks et al., 1995; Camp- 
bell et al., 1993, 1994, 1998; Claridge et al.; 1999, Sheppard et al., 1994). Recent 
estimates of the extent of Cryosol disturbances in the Transantarctic Mountains 
region (Campbell and Balks, 2001) suggest that less than 1% of the total soil area 
may have been disturbed through a variety of actions, ranging from base 
construction and logistical support to field research investigations. However, 
because these disturbances are chiefly in a few areas, particularly in the McMurdo 
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Sound region, they are very noticeable. They range from physical disturbance of 
the soil to contamination by foreign materials. 

Increased understanding of the soil ecosystem’s processes is now providing a 
basis for estimating the likely time scales for recovery from soil disturbances and 
provides a basis for better management decisions to minimize such impacts. 



2. General Nature and Extent of Soil Disturbances 

Environmental impacts on soils are greatest around established bases and facility 
centers where human activities are most intense. The most extensively disturbed 
areas are on southern Ross Island, the location of the New Zealand Scott Base and 
the McMurdo Station, and at Marble Point, a refuelling facility and site for a pro- 
posed all-weather aircraft landing field on the western side of McMurdo Sound 
(Figure 6.3.1). Lesser areas of disturbance are at the sites of a number of smaller 
stations. 

Away from base areas where there are high concentrations of people, distur- 
bances are primarily a result of research activities. Those within the McMurdo 
Dry Valley region are less intense than those around bases, but in total they have 
been estimated to cover a greater area than those around bases (Campbell and 
Balks, 2001). 



3. Soil Disturbances around Bases 

Logistical activities have catered for an estimated 80,000+ people at McMurdo 
Station and Scott Base since the late 1950s (Campbell et al., 1998). In this area 
have been repeated land scraping, quarrying, and earthworks for building sites, 
road construction, fuel storage, and wharf facilities. These activities have de- 
stroyed natural geomorphic features and caused permafrost retreat and associated 
landscape instability and thermokarst formation, widespread ground salinization, 
and extensive surface treading and track formation. Activity around this site also 
has spread dust over adjacent snow and ice-covered surfaces, causing changes in 
albedo and retreat of local snow and ice patches, along with accelerated stream 
flows and sedimentation. 

Human activity around bases also has introduced a wide variety of contaminat- 
ing foreign materials and wastes into the soils. These include organic and inor- 
ganic materials, fuels, garbage, and debris. Since natural soil biological or chemi- 
cal activity is of very low intensity, the introduction of most of the contaminants is 
essentially permanent. 
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Figure 6.3.1. Map of the McMurdo Sound area showing ice-free areas and locations of 
sites the text mentions. 



Another large area of disturbed soils near Marble Point (Figure 6.3.1) is a re- 
sult of 1956-1958 construction for an aircraft runway. The site was abandoned 
and the buildings were trashed with little effort at site remediation. Marble Point 
has been used since then as a fuel storage and helicopter refuelling facility, and 
repeated fuel spills have contaminated soil. Hallett Station in North Victoria Land, 
like Marble Point, was abandoned, with little effort to remove foreign materials or 
rehabilitate the site. 

Vanda Station was a small base by Lake Vanda in the McMurdo Dry Valleys 
(Figure 6.3.1). Its removal became necessary when the lake began to rise and 
threatened to flood the site (Waterhouse, 1997). Although most solids and other 
waste materials were removed as part of its operational management, wastewaters 
were disposed of locally and these, along with fuel spills and escaped liquids and 
solids, resulted in appreciable local soil contamination (Sheppard et al., 1994). 
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4. Soil Disturbances in Remote Areas 

Soil disturbances are not restricted to bases but are widespread throughout the 
Transantarctic Mountains, as few areas have not been visited as part of some in- 
vestigation. However, most activity has concentrated in the McMurdo Dry Valley 
region (Figure 6.3.1), with an estimated 10,000 people visiting here since 1957 
(Sheppard et al., 1994; Vincent, 1996). The soil is disturbed by camps and activity 
around camp sites, such as treading and the formation of tracks between camp and 
work sites. Disturbances also result from activities such as pit digging, drilling, 
installing instruments, landing helicopters, disposing of human wastes, and minor 
littering and fuel spills. Compared with the soil disturbances around bases, the dis- 
turbances from field activities are less intense and more localized, often covering 
an area of a few hundred square meters, but in total they are estimated to cover an 
area greater than the combined area of disturbance at base sites (Campbell and 
Balks, 2001). 



5. Soil Properties Affected by Large-scale Ground 
Scraping and Earthworks 

Ground scraping and earthworks for building sites, storage, and roads are limited 
to the vicinity of the base areas, as there has been a general awareness of the de- 
structive effects of heavy machinery and the intrusiveness of vehicle tracks within 
these landscapes. However, large areas of hillsides have been scraped to provide 
soil material for construction fill, with no thought to preserving natural landscape 
features. This destroys all small-scale and many larger-scale natural surface and 
topographic features. The resulting changes to the soil surface decrease the 
ground surface reflectivity and the albedo, causing changes in snow cover behav- 
ior, changes in the thermal regime of the soils, and disturbance of the soil’s active 
layer and permafrost relationships (Balks et al., 1995). 

When earth work and construction activity disturbs the ground surface, wind 
picks up dust and spreads it onto adjacent snow or ice-covered surfaces. At the 
southern end of Ross Island, the spread of fine particles and subsequent changes 
in albedo of snow or ice-covered surfaces have caused appreciable retreat of some 
snow and ice cover. 



6. Permafrost Change and Thermokarst Formation 
following Disturbance 

The soils in coastal sites are underlain by ice-cemented permafrost, often with a 
high frozen water content (Campbell et al., 1994, 1998a; Balks et al., 1995). Dis- 
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turbances to the active layer typically result in some thawing of the underlying 
permafrost, a relatively rapid loss of water and accompanying ground instability, 
salinization, and increased water runoff and sedimentation. Permafrost distur- 
bance is effectively permanent, with little recovery after 40 years (Campbell et al., 
1994). 

Adjacent to McMurdo Station, ground disturbance over a stagnant ice body has 
caused formation of an area of unstable thermokarst terrain (Figure 6.3.2). Stag- 
nant or stranded glacial ice bodies are not uncommon in the Transantarctic Moun- 
tains and in some cases may be several million years old (Campbell and Claridge, 
1987;Sugden etal., 1995). 



7. Salinization 

Arid Cryosols of the Transantarctic Mountains are saline, with a wide range of 
soluble salts, often in very high concentrations. The salts occur throughout the soil 
profiles, are transported by moisture, and are concentrated through evaporation to 
form a salty layer 5-15 cm below the soil surface. Salts also may form as surface 
efflorescences, more especially in the coastal regions, where evaporation may re- 
move the higher amounts of moisture in these soils. 




Figure 6.3.2. Thermokarst at Mcmurdo Station, Ross Island, caused by removal of surface 
cover by bulldozing and scraping, allowing the underlying ice-rich permafrost to thaw. 
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Disturbance causes a redistribution of existing soil salt patterns, particularly af- 
ter large-scale earthmoving. However, it also occurs where digging profile pits 
disturbs soils. Salinity values in permafrost are often higher than in the active 
layer above (Campbell et al, 1994) and, in dry frozen permafrost, thick salty pa- 
leosol horizons are sometimes present. 

Any soil surface or active layer disturbance which alters the soil’s hydrological 
profile and increases surface evaporation may thaw permafrost and redistribute 
salts within the soil, sometimes causing the deposition of salts on the soil surface. 
Salt efflorescences are still forming on track surfaces formed 40 years ago at Mar- 
ble Point and are widespread on the extensively scraped surfaces around 
McMurdo and Scott Base Stations. 



8. Disturbances Caused by Pedestrian Traffic 

Disturbance of the ground surface by pedestrian traffic is widespread on the arid 
Cryosols of the Transantarctic Mountains, and it is most clearly visible when the 
desert pavement is broken. Arid Cryosols are covered by a loose pavement of in- 
terlocking stones which protects the underlying finer soil from wind erosion. The 
nature of the desert pavement depends on the particle size of the soil’s parent ma- 
terials and the age of the ground surface. In soils with a sandy gravel range of par- 
ticle size, the pavement consists of a surface coating of small pebbles overlying 
dominantly sandy textured soil, but in soils with coarser size grades, cobbles or 
boulders usually dominate. Because the underlying soils are typically loose and 
non-cohesive, human activities easily displace the surface clasts forming the de- 
sert pavement. 

An experimental investigation of the rate at which tracks form in soils with 
markedly differing particle-size grades showed that distinct tracks formed in 
sandy gravel soils with fewer than 20 passes over the same surface, although, on 
some surfaces, a distinct and lasting effect was obvious after a single pass (Camp- 
bell et al., 1998) (Figure 6.3.3). On soils with increasingly coarser particle-size 
grades, the rate of track development was progressively slower. Where the surface 
cover included a high proportion of boulders, little surface displacement occurred. 

At field camps, tent sites are sometimes levelled and larger stones moved aside. 
Extensive disturbance from treading may cover a few hundred square meters 
around the camp site. Research activities may involve sampling, drilling, or pit 
digging, which are often particularly disruptive to the soils, although usually lim- 
ited to very small areas. 
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Figure 6.3.3. Track in alluvial sediments near Lake Vanda, formed after 20 passes. In 
inland regions where the climate is colder, the soils and the permafrost have very low mois- 
ture contents and the permafrost may be dry-frozen (Campbell et al., 1998a). In these situa- 
tions, disturbances of the active layer of soil do not affect the permafrost’s stability. 



9. Introduction of Foreign Materials 

Since the present phase of scientific activity began in the late 1950s, a very large 
amount of foreign material, especially building materials and domestic products, 
paper, cardboard, plastics, and wooden packages, etc., has been introduced into 
the environment and widely scattered about the landscape, especially in the vicin- 
ity of base sites. 

Initially, there were no policies for removing wastes, including human waste, 
so much of it was either dumped, abandoned, or buried. Apart from the deliberate 
disposal of waste, wind has aided the wide dispersal of foreign materials, often 
many kilometers downwind from the source. Since biological decomposition of 
organic materials is extremely slow, many of these materials are expected to re- 
main in the soil indefinitely. 

Present codes of conduct aim to prevent or minimize the spread of foreign ma- 
terials. Most currently produced wastes are removed from Antarctica and, while 
efforts are being made to remove previously deposited waste from some sites, it is 
impractical to remove smaller and most buried materials. 
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10. Soil Contamination 

A wide variety of contaminants, including toxic metals (silver, cadmium, copper, 
lead, zinc, arsenic, etc.), petroleum products, deposits from incineration of waste, 
and landfill leachates have been detected at numerous sites, more especially in the 
vicinity of permanently occupied areas (Sheppard et al., 1994; Crumrine, 1992; 
Johnston and Stringer, 1988). 

In the more remote areas away from base sites, the most common contaminant 
is urine, which is estimated to have added about 3000 kg of nitrogen to the soils of 
the Dry Valley region (Campbell and Balks, 2001). Some small fuel spills from 
generators and drilling equipment also have occurred. Most contaminants derive 
from the earlier absence of environmental protocols for management of wastes 
and from a lack of attention to environmentally sensitive practices. 

In general, the nature, extent, and effects of contaminants on the arid Cryosols 
has been poorly investigated, and clean-up procedures have tended to be superfi- 
cial. However, some disturbed and contaminated sites which were abandoned are 
now providing valuable scientific information on the behavior of contaminants in 
soils. Claridge et al. (1995) found that heavy metals moved less than 1 meter from 
a point-source of contamination over a 30-year period in a moist coastal environ- 
ment. Experimental observations (Claridge et al., 1999) showed that the extent of 
leaching of an applied tracer salt was related to the soil moisture regime, with neg- 
ligible leaching occurring in the most arid Dry Valley Cryosols. 



1 1 . Influence of Global Environmental Change 

The main influences of global environmental change on the arid Cryosols are ex- 
pected to be those driven by climate changes. Increasing global temperatures can 
be expected to cause increases in soil temperatures as they have in the Arctic 
(Koster et al., 1994), with consequent changes to the permafrost. Changes to the 
active layer (thaw depth) and soil biological activity, degradation to permafrost, 
increased thermokarst development, and thermo-erosion may occur in response to 
climatic changes. 

The main changes to the soil chemistry are likely to be increased salinization 
and, at some sites, an increase in soil carbon content (Claridge et al., 1999). Given 
the Antarctic carbon budget, any increase in soil carbon may be offset by release 
of CO 2 from melting ice. Heavy metals, especially lead from motor fuel, and black 
carbon (soot) from worldwide industrial activity can be detected in polar snowfall 
and probably also falls on land, but in soils the effect is expected to be negligible. 
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12. Remediation and Recovery of Soil Disturbances 

The time scales for formation of these Cryosols are very long, and recovery from 
disturbance can occur only at the same rate as the natural soil processes. The low 
intensity of soil ecosystems is significant for the very slow amelioration of distur- 
bances of arid Cryosols. 

For disturbances involving significant soil movement, no recovery of natural 
features can be expected for a very long time. Track and wheel marks from dis- 
turbances made 40 years ago by heavy machinery are still clearly visible, as are 
unfilled soil investigation pits (Campbell et al., 1998). Also, no accumulation of 
ice in the permafrost of disturbed soils has taken place (Campbell et al., 1994). On 
young (last glaciation) surfaces with unoxidized soils, disturbances may be less 
obvious than on old (Miocene) surfaces which have considerable color contrast 
between the surface and lower horizons. 

For lower impact soil disturbances, the situation is rather different. In coastal 
areas where the soils are moist and there is some soil movement from freeze-thaw, 
light footprints or similar disturbances may disappear in less than one year. Simi- 
larly, where surface particles are distributed actively by water or wind, small dis- 
turbances soon are obliterated. On old, very dry, and stable surfaces, however, 
disturbances from footprints, etc., remain for a very long time (Campbell et al., 
1998). 

Little data is available about the rates of recovery from chemical contamina- 
tion. Movement of soluble contaminants can be very slow in the absence of avail- 
able liquid phases but, where there is a mobile liquid phase, subsurface transport 
of contaminants can be rapid (Sheppard et al., 2000). Some studies examining the 
biodegradation of hydrocarbons (Aislabie et al., 1998) indicate that rates of deg- 
radation are extremely slow. Spilt hydrocarbons have persisted in the soil for up to 
40 years. 



13. Protection of the Antarctic Environment 

The management of Antarctica and the protection of its important intrinsic values 
have evolved through a unique series of international events and relationships, as 
Thomson (1990) outlined. In the early part of this century, the legal status of Ant- 
arctica was a result of discovery, exploration, and annexation by seven states, 
some of which other parties did not recognize. During the 1940s and 50s, the po- 
litical situation deteriorated when some nations attempted to consolidate their sov- 
ereignty claims. 

About this time, however, scientists planned the International Geophysical 
Year (IGY), a significant world- wide scientific program with priority for upper 
atmosphere, and polar research. This required the cooperation of a large number 
of Antarctic research stations and resulted in the establishment of the Scientific 
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Committee for Antarctic Research (SCAR). This committee was responsible for 
initiating, promoting, and coordinating scientific activity in Antarctica and for 
framing and reviewing scientific programs. SCAR provided, for the first time, a 
framework for managing essentially scientific Antarctic affairs. 

When it became clear that IGY activity would continue in Antarctica for a long 
time and that cooperative science should be maintained, a formal structure was 
proposed, and, in 1961, the Antarctic Treaty came into existence. The Antarctic 
Treaty formalized IGY cooperative arrangements, but it also requires that Antarc- 
tica be used only for peaceful purposes, it bans nuclear waste, and it requires con- 
tracting parties to advise each other of planned activities. A consultative meeting 
system handles Antarctic matters. 

Environmental concerns arose initially out of consideration for conserving and 
protecting living marine resources. However, with increasing pressure from scien- 
tific research and associated logistical activity, more especially in the McMurdo 
Dry Valley area of the Transantarctic Mountains, and with rising concern for the 
impacts of increased human activity on terrestrial ecosystems, various conserva- 
tion measures soon appeared. 

Among these was the designation of Specially Protected Areas (SPAs) and 
Sites of Special Scientific Interest (SSSI) to maintain significant areas of minimal 
human impact. At this time, few rules or procedures governed the management of 
sensitive values, and impacts from logistical activities were not considered seri- 
ously. Most waste from human activities, for example, was simply dumped and 
abandoned. The question of possible mineral resources also posed a problem, as 
interest arose from mineral exploration companies. 

However, by 1988, a convention on the Regulation of Antarctic Mineral Re- 
sources was adopted. It places the highest priority on the fullest protection of the 
Antarctic environment. Since no mineral deposits of any significance are known 
(Behrendt, 1983), and in any case the costs of extraction would be exorbitant in 
this remote and harsh environment, the prospects of extractive mineral activity 
seem remote. 

In 1991, the Protocol on the Environmental Protection to the Antarctic treaty 
was signed, providing for the comprehensive protection of the Antarctic environ- 
ment. The protocol establishes Antarctica as a natural reserve devoted to peace 
and scientific research and it strengthens and confirms the Antarctic Treaty sys- 
tem. 

The protocol covers all activities south of latitude and provides a frame- 
work for minimizing the impacts of all activities in Antarctica. For example, all 
activities must be planned and conducted to limit adverse impacts on the Antarctic 
environment and associated ecosystems, with sufficient information included in 
proposals to assess impacts and for monitoring to take place. Annexes to the pro- 
tocol provide specific rules for implementing environmental impact assessment, 
waste management procedures, and monitoring. 
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14. Summary 

The arid Cryosols of the Transantarctic Mountains have formed in an extreme en- 
vironment with very slow weathering rates over an exceedingly long time. Be- 
cause of their minimal development, they are highly vulnerable to human distur- 
bances. Although human disturbance is estimated to have affected less than 1% of 
the Transantarctic Mountains Cryosols, the environmental disturbances are con- 
centrated in the McMurdo Sound and Dry Valley region, an area of high use and 
therefore of appreciable visual impact. 

The most severe disturbances are in the vicinity of bases where large-scale 
earth movement has taken place, while contamination has resulted from high lev- 
els of human activity. In more remote areas, the level of environmental distur- 
bance is less and results primarily from surface soil displacement through walk- 
ing, camping, and various scientific activities. 

Physical disturbance to the soils results in changes to the soil’s thermal, perma- 
frost, and hydrological properties, destruction or disturbance of the desert pave- 
ment, and salinization. Contamination from solid waste and from chemical 
sources can be extremely long-lasting and is unlikely to be broken down or as- 
similated into the soil within meaningful time scales. 

In the warmer coastal environments, there is some natural recovery from low- 
impact disturbances, but such disturbances persist in drier and older soils. Interna- 
tionally agreed rules and procedures are now in place, under the Environmental 
Protocol to the Antarctic Treaty, to minimize further environmental damage and to 
safeguard the Antarctic environment. 
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1 . Introduction 

The study of Antarctic soils is comparatively new, spurred in the late 1950s by the 
growing interest in earth and other sciences in Antarctica. Curiosity drove initial 
investigations, and the questions were whether soils actually existed there and, if 
so, what their properties were and what processes operated (McCraw, 1960; Ugo- 
lini, 1963; Claridge, 1965; Campbell and Claridge, 1966; Claridge and Campbell, 
1968; Tedrow and Ugolini, 1966). As glaciological investigations intensified, 
weathering relationships became valuable for establishing glacial chronologies 
(Calkin, 1964; Ugolini and Bull, 1965; Everett, 1971; Campbell and Claridge, 
1975; Bockheim, 1978, 1982) and attention focused on the spatial and temporal 
differences in and the broader significance of soil properties (Campbell and 
Claridge, 1987). 

More recently, with the recognition of the fragility of the terrestrial ecosystems, 
the impacts from human activities, and local and global pressures, the focus of soil 
studies has shifted to consider soil properties of particular importance to ecosys- 
tem and environmental relationships and to management issues (Campbell et al., 
1993, 1997, 1998; MacCulloch, 1996; Sheppard et al., 1994). 



2. Occurrences of Soil 

Small patches of ice-free ground are scattered throughout the Transantarctic 
Mountains on the western margin of the Ross Sea region (Figure 6.4.1). Their spo- 
radic nature relates to the glaciological history of the area. 
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Figure 6.4.1. Ice-free areas in the Transantarctic Mountains. 
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In the northern locations, glaciation is predominantly alpine, and the bare 
ground and soil exposures largely occur only in small scattered areas of steep 
ground with numerous rock outcrops. Farther to the south, outlet glaciers from the 
Polar Plateau have cut through the mountains, and the resultant valleys have gla- 
cial deposits that record the history of glaciation in Antarctica. These land surfaces 
are the main sites of soils. The soil-landscape relationships are essentially a func- 
tion of past complex glaciological interactions, including the effects of ancient 
(pre-Miocene) over-riding ice sheets (Denton et al., 1993), repeated invasions 
from ice-shelves grounded during periods of lower sea levels (Hollin, 1962), and 
alpine type glaciations responding to local variations in climate. 

As glaciers occupy most valleys in the Transantarctic Mountains, the exposures 
of bare ground and soils in the valleys are largely discontinuous occurrences on 
valley sides and surfaces exposed by the retreat of ice. In the Dry Valley region of 
the McMurdo Sound area (Figure 6.4.2), however, extensive glacial retreat has 
given rise to a number of ice-free valleys which make up the largest contiguous 
area of bare ground within Antarctica; soils cover most of this 6,000 km^ area. 




Figure 6.4.2. The ice-free areas of the McMurdo Sound region. 
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Glacial till is the predominant parent material for the soils on valley floors and 
sides, piedmonts, benches, and cirque basins. On some valley sides which have 
been ice-free for long periods, the soils formed from extensive deposits of scree, 
while, in some coastal areas, marine processes have reworked tills to form coastal 
beach deposits. Alluvium occurs only on a few valley floors and is of very limited 
extent, as sufficient water seldom is available to transport and sort sediment. Ae- 
olian deposits are somewhat limited, usually restricted to comparatively small ar- 
eas of coarse dune sands in scattered areas. Bare rock occurs on around 10% of the 
exposed land surfaces (Claridge et al., 2000), but even here is evidence of soil 
processes, with weathering and accumulation of fine material in fracture planes, as 
well as colonization and modification of rock surfaces by endolithic life forms. 

Organic accumulations are rare in the region of the Transantarctic Mountains, 
since the biomass and metabolic activity of soils here are the lowest of any soil 
ecosystem. Algal peats occasionally occur adjacent to some small ponds, while 
moss, the most prolific vegetative form, usually occurs in patches of less than 5 
square meters. The most significant organic accumulations are those associated 
with penguin rookeries, which a cover a total of probably less than 10 km^ in 
coastal sites of the region. 



3. Age Relationships of Soils 

Although in normal pedological terms the Cryosols of the region of the Tran- 
santarctic Mountains can be described properly as unweathered or weakly weath- 
ered, a number of their features allow pedological distinctions. Chronosequence 
studies have been used widely to investigate Transantarctic Mountains Cryosols 
(Ugolini, 1964; Claridge and Campbell, 1968a, Everett, 1971; Linkletter et al., 
1973; Bockheim, 1979, Pastor and Bockheim, 1980). 

During the early investigations of these Cryosols, various workers recognized 
progressive weathering differences in soils of Dry Valley regions (Calkin, 1964; 
Tedrow and Ugolini, 1966) and correlated these within the framework of then- 
known glaciations (Wisconsin-Illinoian, etc.). Later work (Claridge and Campbell, 
1968a) suggested soil age sequences spanned much greater time scales, while K/A 
dating (Everett, 1971) showed that soil time sequences indeed spanned several 
million years (Campbell and Claridge, 1975; Bockheim, 1982). Recent work, in- 
cluding dating widespread ash deposits in soils (Marchant et al., 1993; Denton et 
al., 1993), has confirmed that soil weathering on some surfaces extends to the 
Miocene (13.5 my) and probably beyond. 



4. Soil Physical Properties 

Soil weathering in the arid Cryosols involves relatively low levels of alteration of 
coarse materials. Soil descriptions therefore commonly use non-standard termi- 
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nology to characterize the soils and highlight their significant and unusual fea- 
tures. Despite the number of soil scientists who have worked independently from 
each other in Antarctica, however, a considerable degree of uniformity exists 
among the methods and parameters used to describe the soils. 

Weathering characteristics of the soil surface, including the oxidation state, 
shape, degree of polish and pitting, and the number and size of clasts, are impor- 
tant criteria used to distinguish weathering on different aged surfaces. Likewise, 
the angularity or roundness and weathering attributes of subsurface clasts, com- 
pared with those of surface clasts, provide an important measure of cryogenic 
movement of soil material and of ground surface stability. 

Standard horizon designations are not widely used in descriptions of arid 
Cryosols, as the soil materials typically do not meet the usual definitions. In the 
absence of significant amounts of clay or organic matter, the arid Cryosols have 
no appreciable soil structural development, but small differences in cohesion are 
significant and are described. Moist soils occur to any extent only along water 
sources in summer, and soil color descriptions typically refer to dry soil. 



4.1 . Horizon nomenclature 

As have most pedologists, we have been reluctant to use standard horizon nomen- 
clature, since Antarctic soil materials do not fit the usual definitions. However, 
Bockheim (1997) has modified some definitions and defined new terms which can 
apply to arid Cryosols. For example, he uses D for the desert pavement, Bw for the 
underlying oxidized zone, and Bz for a salt-enriched horizon. These terms have 
not yet achieved universal usage. 

4.2. Active layer 

The active layer of the Transantarctic Mountains Cryosols varies in depth from 
around 70 cm to less than 10 cm. It clearly relates to climate and other factors that 
influence the soil thermal energy regime. 

At Scott Base, for example, the active layer is around 35 cm, but at Marble 
Point, which has a similar mean annual temperature, it is about 65 cm (Balks et 
al., 1995). The difference is that the soils at Scott Base are more moist (owing to 
greater snow thaw from darker rocks) and much of the available energy is used for 
thawing ice in the soil rather than for heating the soil. 

Accurate assessment of the active layer’s thickness can be made only through 
measurements of soil temperature, as ice-cemented permafrost is not always pre- 
sent. When it is present, its position may not coincide with that of the annual 
thawing depth. 
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4.3. Permafrost 

Permafrost is an important feature of the soils and exists either as hard ice- 
cemented material, where soil moisture content exceeds about 5% (gravimetric), 
or as loose uncemented soil, where the moisture content is less than about 5%. The 
moisture content is a function of the site’s climate factors (Campbell et al., 1998a). 
In soils that have ice-cemented permafrost, soil weathering below the active 
layer/permafrost boundary is generally negligible and indicates that the active 
layer’s thickness is a relatively stable feature. In dry frozen permafrost with low 
moisture content, alteration of soil continues at depth, irrespective of the depth to 
the permafrost. 



4.4. Desert pavement 

The desert or stone pavement is a layer of loose fine sandy gravel, stones, or boul- 
ders, and it occurs almost everywhere on the surface of Antarctic Cryosols (Figure 
6.4.3). From an environmental perspective, it is one of the more important soil 
features since it is the part of the soil that human activity disturbs first and most 
easily. 

The desert pavement forms largely through a combination of surface weather- 
ing and winnowing processes. Weathering breaks down surface clasts of all sizes 
over time, as wind sorts and shifts the smaller particles. Coarsely grained rocks 
typically disintegrate through granular disintegration assisted by salt weathering, 
often forming spectacular cavernous shapes. More finely grained rocks disinte- 
grate by splitting along fracture planes and become rounded by exfoliation of oxi- 
dized surfaces. Abrasion is an important process which further reduces clasts to 
ventifacts. The end result of the surface weathering processes is the formation of 
an aerodynamically stable surface, with the wide range of particles present form- 
ing a well packed surface pavement. 

Because of local rock types and environmental differences, the desert pavement 
is extremely variable in its appearance, in places consisting of a covering of well 
weathered, polished, oxidized or crumbled, wind faceted, or strongly pitted rocks, 
while in others it may consist of a loosely packed veneer of small pebbles. 



4.5. Vesicular crusts 

Beneath the desert pavement is the first soil horizon, which commonly consists of 
a pale, weakly cohesive layer, 1 to 2 cm thick, with a weakly developed vesicular 
structure. The vesicular structure forms through periodic moistening of the soil 
surface by snow melt, followed by freezing and evaporation of the moisture in the 
surface layer. The cycles of surface soil moistening followed by freezing and wa- 
ter loss can be rapid, with 70% of the frozen water which accumulated from a 
snow fall and thaw event being lost within 24 hours (Campbell and Claridge, 
2000 ). 





Figure 6.4.3. A well developed desert pavement forming a very stable surface. The surface 
rocks are well polished and stained. 

Because of climatic and other site factors, the extent and degree to which sur- 
face soil moistening occurs vary considerably; hence the occurrence and develop- 
ment of the surface vesicular crust also vary. 

4.6. Soil color 

arid Cryosols are differentiated by their color. The youngest and least weathered 
soils have colors with high value and low chroma (for example, olive grey to light 
yellowish brown 5Y 6/2 - 2.5Y 6/4) without any distinction through the profile. 
The materials from which the soils are formed heavily influence the colors; the 
soils from sandstone, dolerite, granite, metasediment, and volcanic rocks all have 
distinctive colors. In an unweathered state, the soil color resembles the color of the 
fine fraction of the disaggregated rock from which the soil formed, but in a more 
weathered condition, the soil color relates to the relative abundance of iron- 
bearing minerals in the parent material. 

With increasing age, the soil gradually reddens, through yellowish brown and 
strong brown (lOYR 5/4, 7.5Y 5/6) to yellowish red and dark red (5YR 5/8, 
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2.5YR 3/6). The principle cause of the color change is the slow oxidation of iron- 
bearing minerals in the soil particles. In some older soils, aureoles of more intense 
color are sometimes present, surrounding individual weathering clasts, and appear 
to indicate that iron has migrated outward from the weathering source rock. Both 
chroma and value decrease with depth. Changes in color with increasing depth of 
soil generally are gradual and may continue for more than 1 meter in old soils. 



4.7. Soil particle size 

arid Cryosols are made largely of coarse particle-size material, although clast size 
varies widely. The frequency of boulders closely relates to the composition of the 
parent material, soils from dolerite generally having a higher proportion of boul- 
ders than soils with less resistant rocks. Between boulders, the soils are predomi- 
nately gravelly sand, containing 50 to 90% of material >2mm in size. The fine 
earth fraction (<2 mm) seldom exceeds 5% of the soil and, of this, the silt fraction 
typically comprises <10% and the clay-size fraction (<0.002 mm) <1%. With in- 
creasing soil age, a small but consistent increase occurs in both the <2mm and the 
silt fraction, while the frequency of boulders, especially surface boulders, declines 
markedly (Figure 6.4.4). 

Within the soil, marked changes in soil particle size may occur within a few 
centimeters, largely due to characteristics inherited from the parent materials. 
Cryic processes, such as the formation of patterned ground, also lead to some par- 
ticle size sorting, giving rise to wide textural variations, especially adjacent to pat- 
terned ground cracks. Fluvial or aeolian sorted materials typically have high pro- 
portions of sand and low proportions of gravel. 



4.8. Coarse particles 

The description of the coarse particles (boulders, cobbles, pebbles, and granules) 
provides a useful means for evaluating both the extent of soil weathering and soil 
stability relationships. Systematic observation of surface clast size, shape, oxida- 
tion state, polish, pitting, and erosional characteristics provides useful data that 
distinguishes the soils on differing land surfaces. Similar observations of clasts 
within the profile give a clear indication of the extent of any mixing by cryic proc- 
esses. 

Clasts within the soil commonly contrast with those at the surface in having 
sharp edges and little surface oxidation or polish. Ghosts, or completely disaggre- 
gated clasts of some coarsely crystalline rocks, the shape of which remains intact, 
frequently occur in older soils. These features clearly indicate an absence of cryic 
movement. On the other hand, a layer of oxidized and faceted clasts in the soil 
commonly indicates the existence of a previous desert pavement with an underly- 
ing paleosol. 
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Figure 6.4.4. An arid Cryosol. A thin but distinct crust, formed by occasional moistening, 
is present at the surface. The lightly colored clast to the left of the tape is an in situ crum- 
bled rock (ghost). Clasts within the profile are angular and contrast with the rounded sur- 
face rocks, indicating a lack of soil mixing by cryic movement. 



4.9. Consistence 

The absence of a significant clay and organic fraction gives little cohesion to these 
soils. They are typically incoherent and singly grained. Where the silt content is 
higher, they may be described as pulverulent or powdery. 

Some small differences in consistence relate to increasing soil age, however. 
The least weathered soils are typically loose and totally uncohesive. With increas- 
ing soil age, cohesiveness increases slightly, and the side of a profile pit may re- 
main intact if undisturbed. The increase in cohesion is partly due to the small in- 
crease in the fine fraction but may result from the accumulation of soluble salts in 
the soil. Where thick salt accumulations are present, the soil may be firmly cohe- 
sive or salt-cemented. 
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Figure 6.4.5. An inland soil on a young to intermediately aged surface, showing a distinct 
salt horizon between a 2- and 12-cm depth. Below this depth, the soil is less cohesive. 



4.10. Soil salts 

Since evaporation exceeds moisture supply in this environment, salt precipitation 
is a common feature in these soils (Campbell and Claridge, 1987). The most 
common occurrences are surface efflorescences, either as thin powdery accumula- 
tions or as thick encrustations, as concentrations beneath some surface clasts, a 
discrete horizon usually 5 to 15 cm below the soil surface, scattered flecks either 
within zones or through the subsurface soil, or accretions and aureoles associated 
with disintegrating subsurface clasts (Figure 6.4.5). 

In coastal regions where the soils are young and generally moist, the salts are 
usually present as surface precipitates. Farther inland where soils are older and 
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drier, the salts commonly occur within the profile in the various manifestations 
just mentioned. The salt horizons usually have developed best in the oldest and 
driest soils. They also occur in paleosols, as apparently intact or unmodified hori- 
zons. A distinct and well documented geographic pattern in the chemistry of the 
salts relates to the transport pathways, with nitrate being abundant especially in 
old soils far inland (Claridge and Campbell, 1968, 1977). The mechanisms of salt 
transport within the soils and the significance of different forms of precipitation, 
however, are understood poorly, although likely to relate to characteristics of soil 
moisture. 



4.11. Organic accumulations 

Since biological activity in the region’s Cryosols is minimal, organic accumula- 
tions of any significance are rare. The main forms are pockets of algal material 
(algal peats) adjacent to small ponds, patches of moss seldom more than a few 
square meters in area, and the more extensive organic accumulations at penguin 
rookeries. 

The algal peats commonly consist of a mixture of organic matter and sand- 
forming deposits, with well developed micro-polygonal structure about 10 to 15 
cm in diameter. However, little evidence exists for organic decomposition or sub- 
surface horizon alteration by organic compounds. Similarly, moss patches usually 
consist of a 1- to 2-cm layer of fibrous material without any visible sign of subsur- 
face organic translocation. 

In the much more extensive penguin rookeries, which cover around 20 km^ for 
the whole of Antarctica, organic accumulations result from gradual accretion of 
guano, feathers, shells, bodies, and stones accumulated at the site for nesting. In- 
vestigation of the soils at abandoned rookery sites showed that gradual decompo- 
sition of the organic material and reductions in nitrate and phosphorous values oc- 
curred over several thousand years (Campbell and Claridge, 1966). 



4.12. Other important properties 

Recent ecological investigations in the McMurdo Dry Valleys have highlighted 
the importance of other soil properties in respect to functions of the ecosystem 
(Campbell et al., 1998). Soil moisture and soil temperature are especially signifi- 
cant, as they are essential components of soil processes and relationships within 
ecosystems. 



4.13. Soil water content 

Soil moisture is one of the most important properties of the arid Cryosols, since no 
chemical or biological interactions can occur without it. Recent studies (Balks et 
al., 1995; Campbell et al., 1997) have quantified soil moisture contents for a range 
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of soils in the McMurdo Dry Valley region. In both the active layer and the per- 
mafrost, appreciable regional differences occur in the moisture content of soils. 
Highest soil moisture values are in the coastal areas, for example, while lowest 
values, averaging <1% over the whole profile, are in some of the Dry Valley soils. 
Rapid temporal changes are likely to limit the ability of the soil to sustain life. 



4.14. Soil temperatures 

Soil temperatures vary widely in the Transantarctic Mountains. The soils here are 
in an environment marked by large variations in incoming radiations, and differ- 
ences in soil thermal properties are largely a function of the soil surface’s capacity 
to absorb and radiate solar energy, along with the cooling effects of air (Campbell 
et al., 1997a). The active layer depth, frequency of freeze/thaw cycles, length of 
the thaw period, and maximum and minimum temperatures are important soil 
thermal characteristics influencing soil properties and relationships within ecosys- 
tems (Campbell and Claridge, 2000). 



5. Conclusions 

The arid Cryosols of the Transantarctic Mountains are soils that have formed un- 
der minimal weathering conditions in an extreme environment. The main pe- 
dological features, progressive oxidation, increasing salt accumulation, and de- 
creasing particle size are a function of the very long periods of time through which 
the soil has weathered. Because of the extreme conditions, soil organic communi- 
ties occur minimally and the soils are unmodified by the occasional accumulations 
of organic matter. Yet arid Cryosols have helped reveal the long and complex gla- 
cial history of Antarctica. Their significance, especially in terms of their soil ther- 
mal, moisture, and salinity regimes, is being recognized increasingly with respect 
to relationships within ecosystems and the study of life in extreme environments. 



References 

Balks, M.R., D.I. Campbell, LB. Campbell, and G.G.C. Claridge. 1995. Interim results of, 
1993/94 soil climate, active layer and permafrost investigations at Scott Base, Vanda 
and Beacon Heights, Antarctica. Univ. of Waikato, Depart, of Earth Sciences Special 
report. 64 pp. 

Bockheim, J.G. 1977. Soil development in the Taylor Valley and McMurdo Sound area, 
Antarctica. Antarc. J. U.S. 12:105-108. 

Bockheim, J.G. 1978. Soil weathering sequences in Wright Valley. Antarc. J. US. 13:36-39. 

Bockheim, J.G. 1979. Relative age and origin of soils in eastern Wright Valley, Antarctica. 
Soil Sci. 128:142-152. 




S. 6 Ch. 4, Soil Properties and Relationships ... Transantarctic Mountains 



725 



Bockheim, J.G. 1982. Properties of a chronosequence of ultraxerous soils in the Tran- 
santarctic Mountains. Geoderma. 28:239-255. 

Bockheim, J.G. 1997. Properties and classification of cold desert soils from Antarctica. Soil 
Sci. Soc. Amer. J. 61: 224-231. 

Calkin, P.E. 1964. Geomorphology and glacial geology of the Victoria Valley system, 
southern Victoria Land, Antarctica. Ohio State Univ. Inst. Polar Studies. Rept. 10. 66 

pp. 

Campbell, D.I., R.J.L. MacCulloch, and I.B. Campbell. 1997a. Thermal regimes of some 
soils in the McMurdo Sound region, Antarctica. In: W.B. Lyons, C. Howard-Williams, 
and I. Hawes, eds. Ecosystem Processes in Antarctic ice-free Landscapes. Proceedings 
of an International workshop on Polar Desert Ecosystems, Christchurch New Zealand, 
1-4 July, 1996. Balkema. pp. 45-56 

Campbell, I.B., and G.G.C. Claridge. 1966. A sequence of soils from a penguin rookery. 
Inexpressible Island, Antarctica. N.Z. J. Sci. 9:361-72. 

Campbell, I.B., and G.G.C. Claridge. 1966. Site and soil differences in the Brown Hills re- 
gion of the Darwin Glacier, Antarctica. N.Z. J. Sci. 10:563-577. 

Campbell, I.B., and G.G.C. Claridge. 1975. Morphology and age relationships of Antarctic 
soils. In: R.P. Suggate and M.M. Cresswell, eds. Quaternary Studies. Royal Society of 
N.Z. Bull. 13:83-88. 

Campbell, I.B., and G.G.C. Claridge. 1978. Soils and Late Cenozoic history of the upper 
Wright Valley, Antarctica. N.Z. J. Geol. Geophys. 21:635-43. 

Campbell, I.B., and G.G.C. Claridge. 1987. Antarctica: soils, weathering processes and en- 
vironment. Elesvier Science Publishers. Amsterdam. 368 pp. 

Campbell, I.B., and G.G.C. Claridge. 2000. Temperature, moisture and salinity patterns in 
Transantarctic Mountain cold desert ecosystems. In: W. Davidson, C. Howard- 
Williams, and P. Broady, eds. Antarctic Ecosystems: Models for wider ecological 
understanding. Caxton Press. Christchurch, pp. 233-240. 

Campbell, I.B., G.G.C. Claridge, M.R. Balks, and D.I. Campbell. 1997. Moisture content in 
soils of the McMurdo Sound Dry Valley region of Antarctica. In: W.B. Lyons, C. 
Howard-Williams, and I. Hawes, eds. Ecosystem Processes in Antarctic ice-free Land- 
scapes. Proceedings of an International workshop on Polar Desert Ecosystems, Christ- 
church New Zealand, 1-4 July, 1996. Balkema. pp. 61-76. 

Campbell, I.B., G.G.C. Claridge, D.I. Campbell, and M.R. Balks. 1998. The Soil Environ- 
ment. In: J.C. Priscu, ed.. Ecosystem Dynamics in a Polar Desert: the McMurdo Dry 
Valleys, Antarctica. Antarctic Research Series 72. American Geophysical Union. 297- 
322. 

Campbell, I.B., G.G.C. Claridge, M.R. Balks, and D.I. Campbell. 1998a. Permafrost prop- 
erties in the McMurdo Sound-Dry Valley region of Antarctica. In A Lewkowicz (ed). 
Proceedings of the 7th International Conference on Permafrost, Yellowknife, Canada, 
1998. pp. 121-126. 

Claridge, G.G.C. 1965. The clay mineralogy and chemistry of some soils from the Ross 
Dependency, Antarctica. N.Z. J. Geol. Geophy. 8:186-220. 

Claridge, G.G.C., and I.B. Campbell. 1968. Origin of Nitrate deposits. Nature. 217:428- 
430. 

Claridge, G.G.C., and I.B. Campbell. 1968a. Soils of the Shackleton Glacier region. Queen 
Maude Range, Antarctica. N.Z. J. Sci. 11:171-218. 

Claridge, G.G.C., and I.B. Campbell. 1977. The salts in Antarctic soils, their distribution 
and relationship to soil processes. Soil Sci. 123: 377-384. 




726 



Campbell and Claridge 



Claridge, G.G.C., I.B. Campbell., and D.S. Sheppard. 2000. Carbon Pools in Antarctica and 
their significance for global climate change. In: R Lai, J.M. Kimble and B.A Stewart, 
eds. Glogal Climate Change and Cold Regions Ecosystems. Lewis Publishers. Boca 
Raton, Fla. Pp. 59-78. 

Denton, G.H., D.E Sugden, D.R. Marchant, B.L. Hall, and T.I. Wilch. 1993. East Antarctic 
Ice Sheet sensitivity to Pliocene climatic change from a Dry Valleys perspective. 
Geografiska Annaler. 75A: 155-204. 

Everett, K.R. 1971. Soils of the Meserve Glacier area, Wright Valley, Southern Victoria 
Land, Antarctica. Soil Sci. 112:425-438. 

Hollin, J.T. 1962. On the Glacial history of Antarctica. J. Glaciology. 4:173-195. 

Linkletter, G., J.G. Bockheim, and F.C. Ugolini. 1973. Soils and glacial deposits in the 
Beacon Valley, southern Victoria Land, Antarctica. N.Z. J. Geol. Geophys. 16:90-108. 

MacCulloch, R.J.I. 1996. The microclimatology of Antarctic soils. Unpublished M.Sc. The- 
sis. Univer. of Waikato. Hamilton, New Zealand. 

McCraw, J.D. 1960. Soils of the Ross Dependency, Antarctica. A preliminary note. N.Z. 
Soc. Soil Sci. Proc.4:30-35. 

Marchant, D.R., G.H. Denton, D.E. Sugden, and C.C. Swisher. 1993. Miocene glacial strati- 
graphy and landscape evolution of the western Asgard Range, Antarctica. Geografiska 
Annaler. 75A:303-330. 

Pastor, J., and J.G. Bockheim. 1980. Soil development on Moraines of Taylor Glacier, 
Lower Taylor Valley, Antarctica. Soil Sci. Soc. Am. J. 44:341-348. 

Sheppard, D.S., I.B. Campbell, G.G.C. Claridge, and J.M. Deely. 1994. Contamination of 
soils about Vanda Station, Antarctica. Institute of Geological and Nuclear Sciences 
Report 94/20. Lower Hutt, New Zealand. 

Tedrow, J.C.F., and F.C. Ugolini. 1966. Antarctic soils. In J.C.F. Tedrow (ed), Antarctic 
soils and soil forming processes. Antarc. Res. Ser. 8. American Geophysical Un- 
ion.161-171. 

Tedrow, J.C.F. 1977. Soils of the Polar Landscapes. Rutgers Univ. Press. New Brunswick. 
638 pp. 

Ugolini, F.C. 1963. Soil investigations in the lower Wright Valley. Proceedings of the In- 
ternational Permafrost Conference. Nat. Acad. Sci. Nat. Res. Council Pub. 1287: 55- 
61. 

Ugolini, F.C., and C. Bull. 1965. Soil development and glacial events in Antarctica. Qua- 
temaria. 7:251-269. 




